高純度アルミナセラミックスにおけるミリ波・サブミリ波焼結の研究 by I Nyoman Sudiana
i 
 







Study of Millimeter and Sub-Millimeter Wave 




A Dissertation Submitted to the University of Fukui  
for the Degree of Doctor of Engineering 
 
in 
Department of Material Engineering, 













































The enhancement of sintering rates and other solid state reactions during 
microwave heating on a variety of ceramics have been reported in literatures. These 
empirical observations of microwave enhancement have been broadly called 
`microwave effect`. However, there has been little published work which directly 
compares the effects of microwave frequency and green sample`s properties on 
microwave effect on ceramics. Therefore, this dissertation describes a series of 
experimental to investigate effects of microwave frequency and green sample on 
alumina.  
To study microwave frequency dependence, extension of microwave, up to 300 
GHz (submillimeter waves) were applied and sintering by using 2.45 GHz, 28 GHz, and 
300 GHz was performed. And to study the effects of green samples, both cold isostatic 
pressed (CIPed) and uncold isostatic pressed (unCIPed) alumina samples, were 
prepared. 
The experimental results obtained from this study indicated that the microwave 
processing of alumina was strongly dependent on microwave frequency and green 
samples. Since microwave frequency effect on alumina densification seemed to 
decrease at submillimeter waves (SMMW), the most effective microwave frequency for 
the densification of alumina should exist below 300 GHz.  
The decreased densification attributed to decelerated diffusion. This was 
confirmed by a slower grain growth and an increased of apparent activation energy 
estimation in SMMW sintering. Mechanism responsible for the decrement in SMMW 
sintering may attribute to decrease in microwave effect or different the transport path 
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such as volume diffusion mechanism instead of mainly grain boundary diffusion as 
usually reported in microwave sintering. This could lead to a decelerated flux and a 
decreased densification during SMMW sintering as observed in this work.  
As for the effect of green samples, the effect of CIP on SMMW and MMW 
sintered alumina was higher than that in conventionally sintered samples. This suggests 
that microwaves preferred heating grain boundary areas to heating within the grains. 
The experiment results also revealed that the effect of CIP on SMMW sintered alumina 
was higher than that in MMW. Such an effect was probably due to the stronger 
SMMW-grain boundary interaction compared to that found in MMW. The increase of 
the number of grain boundaries on CIPed samples had a bigger effect in 
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1.1 Microwave Sintering  
Microwave sintering of ceramics offers several advantages over sintering using 
conventional furnaces. The possibility of rapid heating is one of the advantages. This is 
because the ceramic is heated directly by microwave power according to its loss tangent 
and the amount of microwave power incident on the ceramic. As the result of rapid 
heating, the non-isothermal processes such as segregation of impurities to grain 
boundaries can be minimized and abnormal grain growth can be reduced [1,2]. 
Minimizing both abnormal grain growth and non-isothermal processes can result in 
improved mechanical properties of the ceramics. Another advantage of microwave 
sintering is the possibility to achieve a uniform heating. Most ceramics have such a low 
loss tangent in microwave frequency ranges at ambient temperatures that a uniform 
microwave heating can be achieved even on large and irregularly shaped samples. This 
is in contrast to the conventional heating in which a non-uniform heating is easily 
occurred.  
Microwave, 2.45 GHz has been the most commonly used microwave frequency 
because of its availability and feasibility. For ceramic processing, 2.45 GHz systems 
with a few kilowatts of power are also widely available. However, it is very difficult to 
achieve a homogeneous heating with this 2.45 GHz microwave heating. The microwave 
energy distribution within the material undergoing microwave heating is inherently 
related to the distribution of the electric fields within the applicator. The wave length of 
2.45 GHz microwave is 12.2 cm, similar to the dimension of the commonly used 
applicators. Therefore, the standing wave easily occurs resulting in multiple hot spots in 
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the applicator. To reduce the effect of the hot spots, the size of the applicator or the 
microwave frequency must be increased [3, 4]. By operating at a higher frequency, the 
wavelength becomes shorter and the applicator required to achieve uniformity can be 
reduced to a practical size. However, the high frequency microwave material processing 
systems were not widely available until several years ago. Recently, an advanced 
progress in the development of electromagnetic radiation sources, such as gyrotrons, has 
opened the possibility for processing materials by using higher frequency 
electromagnetic waves, such as, millimeter waves. Thus, by using such high frequency 
electromagnetic waves, the thermal run-away in the heating of materials with hot spots 
is a less difficult problem. It is because distance between the hotspot directly depend on 
the wavelength [3,5]. Moreover, some other advantages such as higher heating 
efficiency even for poor dielectric loss material and more uniform microwave radiation 
can be achieved.  
1.2 Motivation  
Sintering using a higher microwave frequency not only opens the possibilities 
for more homogeneous processing but also may get a higher `microwave effect`. 
Besides, a new special effect may be observed which open possibility to process 
material by using low cost and better properties. Moreover recent experimental evidence 
supports the fact that microwave effect leads to an enhancement of the sintering 
processes taking place in various ceramics; microwave frequencies up to the millimeter 
wave (MMW) range, were more published [6-10]. However, despite the potential 
implication of microwave processing for the ceramic industry, there has been little 





In the Research Center for Development of Far Infrared Region, University of 
Fukui, several material processing systems with various frequencies are available 
including the high frequency of 300 GHz, a submillimeter wave (SMMW) material 
processing system (SMMW-MPS). This frequency is much higher than that applied by 
other works in ceramics sintering, which is only up to 83 GHz [10]. Thus, it is 
interesting to understand frequency dependence of `microwave effect` to the final 
ceramic properties after sintering. There may a stronger microwave effect or a new 
effect can be observed.  
The SMMW-MPS has been successfully applied for processing several 
ceramics, such as zirconia and silica xerogel [11, 49]. However, because of the high loss 
tangent of zirconia at this frequency, a surface heating, instead of a volumetric heating, 
occurs [11]. Volumetric heating is necessary for studying microwave effects on 
microwave-based processing. To know the volumetric heating on SMMW (300 GHz) 
sintering, a lower loss tangent material must be selected. Alumina is a candidate for 
such a material. The loss tangent of alumina is almost ten times lower than that of 
zirconia, at 2.45 GHz, room temperature [11, 44].  
Since microwave-material interactions are subject to the microstructure of the 
pre-sintered materials (green compacts), the effect of the green samples on the 
`microwave effect` was also investigated. The effect of the green samples on microwave 
sintering of alumina was reported by Sano et al. [10]. They reported that alumina 
samples sintered by millimeter waves (30 GHz and 83 GHz) for samples with and 
without cold isostatic pressing (CIP) treatment showed a significant difference both in 
density and hardness. Because of the high frequency used in this work, the green sample 
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effect on sintering alumina seemed to be stronger. In addition, another low loss material, 
silica xerogel, which has a wide range of applications, was also sintered and 
investigated by using SMMW-MPS. 
1.3 Goals and Objectives 
The main goal of this work was to have a better understanding as to the frequency and 
green sample dependency on the `microwave effect` in alumina sintering. The 
objectives that have been outlined to achieve such a goal were: 
1. To realize the volumetric heating on SMMW sintering of alumina. 
2. To investigate the effects of the microwave frequency on densification of the 
sintered alumina. 
3. To estimate the sintering`s apparent activation energy on sintered alumina at each 
microwave frequency. 
4. To investigate the effects of microwave frequency on the grain growth of sintered 
alumina. 
5. To investigate the effects of the microwave frequency on mechanical properties of 
the sintered alumina. 
6. To understand the microwave effect mechanism on sintered alumina properties. 
7. To investigate the green sample effects on the properties of microwave-sintered 
alumina.  
8. To examine the microwave effects on densification and microstructure of silica 
xerogel, another low loss tangent material. 
Chapter 2 provides the necessary background on properties of alumina and silica, theory 
of sintering, microwave sintering, previous results of microwave processing, ceramic 
packing method, and mechanical properties of ceramic. Chapter 3 describes 
experimental procedures used in this research. The results obtained for this study are 
presented and discussed in Chapter 4. Chapter 5 summarizes and provides the 
conclusions drawn from the results and discussion on this research. The Appendixes 





This section provides a background study on alumina properties, mechanisms of solid 
state sintering, and microwave processing. That will give the fundamental basis for 
understanding the effects of microwave energy on ceramics. 
2.1. Ceramic materials 
2.1.1 Alumina 
Aluminium Oxide (Al2O3), commonly known as alumina, is extensively used 
as an engineering ceramic due to its unique combination of useful electrical, mechanical, 
and chemical properties with a cost effective price. Typically, alumina is available in 
grades from 88% to 99.99% purity with properties varying accordingly. Typical 
applications of alumina ceramics are for ballistic armour, electronic substrates, element 
former/thread guides, high voltage insulators, laser cavities, radomes, wear components 
(including blades, valves & guides), lamp envelopes in the high pressure sodium lamp. 
The only stable phase of Al2O3 is alpha alumina (corundum) at all temperatures and up 
to at least 78 GPa pressure [12,13]. The structure of alpha alumina is corundum as 
shown in Fig. 2.1. The energy formation of alumina is very high, about 400 kcal/mole, 
therefore, it has an extremely low vapor pressure and a high melting point, about 2.045 
o
C. Corundum has a hexagonal crystal lattice with the cell parameter a=4.754 Å, and 
c=12.99 Å. The density of alpha alumina at 25 
o
C is 3.96 g/cm
3
, which gives a specific 
volume of 25.8 cm
3
/mol or 0.0438 nm
3
 per Al2O3 molecule. The thermal conductivity 
of a single crystal of -alumina at 25 oC is 36 J/(s.mK) and as a function of temperature. 





Fig. 2.1 The structure of alpha alumina (corundum) [12] 
The mean free path of the phonons determines the thermal conductivity and 
depends on the temperature, phonon–phonon interactions, and scattering from lattice 
defects in the solid. At temperatures below 40 K, the mean free path is mainly 
determined by the sample size because of phonon scattering from the sample surfaces. 
Above the 40 K, the conductivity decays approximately exponentially because of 
phonon–phonon interactions. At high temperatures (above about 800 oC), the phonon 
mean free path is of the order of a lattice distance, and becomes constant with 
temperature.  
If temperature increases (for example during sintering), the atoms (alumunium 
and oxygen) as well as impurities can moving around their equilibrium states which 
result in diffusion. A number of experimenters have calculated diffusion coefficients D 
from tails on diffusion profiles in alumina, and attributed these D values to diffusion 
along dislocations, sub-boundaries, or grain boundaries by using diffusing substances. 
The fastest diffusing substance in alumina is hydrogen (H2). Fast-diffusing cations are 
sodium, copper, and silver, with hydroniums (H3O
+
) is the fastest of these monovalent 
cations. Many other di- and trivalent cations have diffusion coefficients intermediate 
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between these fast-diffusing ions and the slowest diffusers, the lattice elements 
aluminum and oxygen, which have about the same diffusion coefficients. The detail of 
numerical value of diffusion in alumina was presented by Doremus [14]. Mechanisms 
of diffusion in alumina are uncertain; a variety of charged defects have been suggested 
to control diffusion in alumina, but no interpretation is widely accepted because of 
discrepancies with experimental results. On polycrystalline aluminas, even the material 
prepared from ultrapure powder (purity >99.99 %) develops a thin layer of intergranular 
amorphous film at the grain boundaries as a result of the presence of trace impurity (e.g. 
Ca, Mg, Si, etc) which are always present in the starting powder. Due to low lattice 
solubility of impurity in alumina (not exceed than several ppm), the impurities segregate 
to the grain boundaries. Typical maximum impurity levels, which can be dissolved in 
alumina, are in the range of 100 ppm for Mg, and in the range of 10 ppm for Si [13]. 
Systems which can be dissolved to greater degrees include Cr2O3. When attempts are 
made to incorporate alumina with more of the oxide impurity, the excess dopant oxide 
can lead to different reactions: in a first step, the grain boundary region can be enriched 
with the dopant. For a higher dopant level, however, it can segregate, either within grain 
boundaries or within grains. Their concentration at interfaces increases as grain grows 
during densification and total area of grain boundaries decreases. As soon as the 
preconcentration of the impurities exceeds critical values, an amorphous grain boundary 
film is formed at the originally crystalline alumina-alumina interfaces. The 99.98 % 
alumina was sufficiently impure to contain a thin glassy film at grain boundary. 
However, in submicron alumina, the area of intergrain interface can be so high that the 
critical concentration of segregated impurities is not achieved and grain boundary glass 
is not formed.  
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The impurities effects have been playing an important role in densification and 
microstructure evolution of alumina during sintering. The effect may become stronger 
in microwave processing because microwaves coupling more with grain boundaries 
than with crystalline parts. One of the well known impurities which had a dramatic 
effect on the microstructure of sintered alumina is magnesia (Mg). The role of Mg in the 
sintering alumina, the first time was reported by Coble by adding magnesium oxide to 
alumina before sintering [15, 17]. With MgO additions, abnormal grain growth was 
inhibited and resultant microstructures were finer and very uniform even at high density. 
The phase diagram of alumina-magnesium oxide is shown in Fig. 2.2 [18]. From the 
diagram, we can see that pure alumina melts at temperatures above 2045 
o
C. Therefore, 
sintering alumina below 2045 
o
C can be considered as a solid state sintering. 
 
Fig. 2.2 The alumina–magnesium oxide phase diagram [18] 
The fine grain alumina such as a submicrometer alumina were reported to have 
increased hardness, a high mechanical strength, and a high wear resistance in 
comparison to their coarse-grained counterparts. Sintering alumina conventionally, 
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usually at low heating rates and time consuming, so that promotes grain growth. By 
using microwave energy, it is possible to sinter alumina with high heating rate and short 
time consumption so that can get finer grains. 
The dielectric property of alumina which is one of important properties in 
microwave sintering, increases slightly up to 500 °C, and is quite dependent on 
orientation. Very low dielectric loss values for single crystal (sapphire) have been 
reported. With reasonable purity, loss tangent of alumina is below 0.001. However, the 
loss tangent increases with temperature. Temperature dependence of loss tangent of 
alumina and other ceramics are shown in Fig. 2.3. 
 
Fig. 2.3. Temperature dependence of loss tangent of ceramics[13]  
2.1.2 Silica  
Silica is one of materials which have low loss factor in microwave frequency 
and is closely correlated to alumina. The binary oxide and ceramic phase of the alumina 
silica (Al2O3–SiO2) diagram is one of the important diagrams for ceramic engineers. The 
important features in this diagram are the very low solid solubility of SiO2 in Al2O3 and 
of Al2O3 in SiO2, and the single stable intermediate solid phase of mullite, 
3Al2O3–2SiO2 whose amount of alumina increases at higher temperatures [14, 19].  
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In contrast to binary metal systems, which usually have a considerably solid solubility 
in pure components and a limited solubility in intermetallic phases, there is only some 
solid solubility in mullite and very little solubility in the end members of SiO2 
(cristobalite) and Al2O3 (corundum). 
Silica xerogel is one of colloidal silica materials with a rigid three-dimensional 
network. It is also well known that its structure shrinks considerably during drying 
because the aqueous phase in the pores is removed by evaporation [14, 19]. A silica 
glass-ceramic can be produced by sintering. The silica xerogel glasses are extensively 
studied because of their high transparency and good chemical durability when exposed 
to irradiation. Such properties make the silica xerogel a promising candidate for 
application in the field of nonlinear optics, e.g. for optical waveguides. It is expected 
that an appropriately optimized thermal treatment would significantly reduce the large 
amount of texture pores that usually exist in the silica xerogel and would produce a 
silica glass ceramic without porosity and, eventually, a ceramic that has a better 
reflectivity of the incident radiation.  
Densification mechanism of silica xerogel is mainly different from that of 
alumina. There are four primary mechanisms responsible for densification: 
1. Capillary contraction as a result of the increase in energy when silanol groups are 
removed. 
2. Condensation-polymerization reactions which produce siloxane groups and involve 
loss of water and inorganic materials. 
3. Structural relaxation due to the diffusive motion of atoms. 




Producing silica conventionally, usually at low heating rates and time 
consuming, promotes grain growth. In contrast, using microwave heating can make 
such a process faster. Studies on microwaved fly ash (residues generated in combustion) 
have indicated that shorter sintering times could be achieved even at lower sintering 
temperatures [19]. In addition, the samples were found denser and, thus, stronger than 
those conventionally sintered at the same temperature for the same time duration. 
Although the time evolutions required for density, porosity, and crystallization of silica 
aerogel observed in the microwave sintering were similar to those observed in the 
conventional method, in the microwaved samples, however, the evolutions occurred at 
temperatuses of approximately 200
o
C lower. Therefore, different structures of a silica 
xerogel may be found if it is processed via higher frequency microwave processing. 
2.2. Sintering 
Sintering is a processing technique used to produce density-controlled 
materials and components from metal or/and ceramic powders by applying thermal 
energy [20]. Sintering is classified into (a) solid state, (b) liquid state, and (c) reactive 
sintering. The difference between solid and liquid types of sintering is that the 
inter-particle growth takes place with and without the presence of a liquid phase [21,22]. 
Figure 2.4 shows the solid state and liquid state sintering in a schematic phase diagram. 
The occurrence of solid or liquid state sintering depends on composition of materials 
and temperature of sintering. In solid state sintering, the temperature does not exceed a 
melting point of the sintered-based material.  Reactive sintering is a type 
of sintering where reaction of the starting powder and densification of the whole mass is 
done in a single heat treatment step [21]. One example of solid sintering is sintering of 




Figure 2.4 Types of sintering in schematic phase diagram [21] 
There are two forms of industrial sintering: those focused on densification and 
those focused on strengthening without necessarily inducing dimensional change. 
Sintering studies are aimed to understand the relationship between processing 
parameters and the resulting microstructures that control the final properties. For 
alumina ceramics, solid state sintering is one the most used techniques adopted for 
fabricating. The following section will describe basic mechanisms of solid state 
sintering.  
2.2.1 Basic theory of solid state sintering 
Sintering lowers the surface energy of material by reducing surface area with 
concomitant formation of interparticle bonds [22]. The region of contact between the 
two particles of material is often referred to as the neck region. During sintering, 
high-energy free surfaces are replaced by lower energy sites such as grain boundaries or 
crystalline regions. The formation of these low-energy sites (neck region), and 
subsequent reduction in surface area. This reduction results in a decrease in the overall 
surface energy and known as driving force: 
 dG = γ
s
dA                                       (2.1) 
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where G is free energy, s is specific surface energy, and A is surface area. The stress 
associated with the curved surface as  






                                        (2.2) 
where R1 and R2 are principal radii of curvature for this surface. 
During sintering, this stress is termed as sintering stress which is associated directly 
with the curvature at the interparticle neck. The densification depended on exceeding a 
critical sintering stress [22]. 
In order for microstructure changes and densification in solid state, it is essential 
that atoms be able to move about in the crystalline or non-crystalline solid [24]. The 
gross flux of the material to the neck regions in sintering is resulting in a reduction in 
surface energy of the powdered compact. The rate and the direction at which atoms 
move during the sintering process is governed by the driving force and this movement is 
usually termed as diffusion. There are many ways in which the atoms can move from 
one position to another in a solid: some of the possible ways are shown in Figure 2.5. 
The likelihood of a jumping pattern shown in Fig. 2.5 depends on the energy 
requirement; only those jumps are favourable that require the lowest energy. For 
example, vacancy exchange mechanism is preferred to the direct exchange mechanism. 
The diffusion phenomena in solids are a high temperature process and are not readily 
observed at room temperatures. This is due to the fact that atoms in a solid state cannot 
move freely as liquids and gasses. It is only at high temperatures that the atoms in solid 




Fig. 2.5. Some of the possible atomic level diffusion : (a) vacancy exchange, (b) interstitial mechanism. 
(c) substitutional mechanism,  (d) self-interstitial, and (d) self diffusion 
Diffusion path of mass transport during sintering of crystalline materials can 
occur by at least six mechanisms: vapor transport (evaporation/condensation), surface 
diffusion, lattice (volume) diffusion, grain boundary diffusion, and plastic flow [25]. 
 
Figure 2.6 Schematic sketches of six alternative paths which permit diffusion controlled sintering 
(redrawing from [25]) 
Figure 2.6 shows a schematic representation of the matter transport paths for 
pressureless sintering. A distinction is commonly made between densifying and 
non-densifying mechanisms. Vapor transport, surface diffusion, and lattice diffusion 
from the particle surfaces to the neck lead to neck growth and coarsening of the 
particles without densification. 
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The densifying mechanisms, grain boundary diffusion, lattice diffusion from 
the grain boundary to the neck, and plastic flow cause neck growth as well as 
densification (shrinkage). When the non-densifying mechanisms dominate, coarsening 
leads to the production of a porous article, whereas a dense article is favored under 
conditions when the densifying mechanisms dominate. In actual sintering run involves a 
mixture of all of the mechanisms discussed above, but they shift in dominance 
depending on the sintering conditions. Surface diffusion contributes to the growth of the 
neck region, but fails to induce shrinkage. Volume and grain boundary diffusion 
mechanisms are responsible for the shrinkage, and thus densification of the powdered 
compact.  
People controlled microstructure and density of sintered ceramics by 
understanding these diffusion mechanisms. They suggested that a smaller grain size can 
be obtained by higher heating rates and shorter sintering cycle [26]. That is because 
non-densifying mechanism and coarsening preferably occur at low temperatures (early 
stage of sintering).   
 
Figure 2.7 Schematic sketches of (a) non-densifying mechanisms (surface diffusion), and (b) densifying 
mechanisms (volume and grain boundary diffusion) 
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2.2.2 Model of solid state sintering 
Sintering is a very complicated process of microstructure evolution. This 
evolution is a thermally activated process with development of bonds among particles 
via moving of atoms and ions. Since in solid state sintering sintered materials are not 
melted, all movements are realized via diffusion process [22]. Because of complex 
processes in atomic level during sintering, several approaches have been considered for 
studying the densification and microstructure change behavior of a material during 
sintering. Rahaman [23] has classified these models into different categories based on 
the methods that were adopted for explaining the sintering mechanisms i.e.: scaling 
laws, analytical models, numerical simulations, topological models, statistical models, 
and phenomenological equations. Of all the methods, analytical models are the most 
widely adopted for studying sintering behavior of a powdered compact. The model has 
been applied for alumina sintering by Coble [17, 276]. The Coble`s models for alumina 
classify sintering into different geometric stages. The three different stages are: 
1. Initial stage: during the initial stage particles begin to adhere together and necks grow 
between the particles. At the end of this stage, grain boundaries are established and 
grain growth begins to occur. Shrinkage is only a few percent.  
2. Intermediate stage: during the intermediate stage grain growth continues. Continuous 
pore channels are formed along the grain edge. The cross·section of these channels 
decreases gradually until at the end of this stage, at a relative density of about 95%, the 
channels are pinched. 
3. Final stage: in the final stage closed pores are formed at the grain boundaries and 
grain corners. This final stage may lead to an almost completely dense material by 
removal of these pores, or, alternatively, the pores may be trapped inside the grains 
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when the boundaries break away and pore growth will occur as well. A schematic of the 
three different stages is shown in Figure 2.8.  
 
Figure 2.8: Idealized models for stages observed during sintering [27]. 
In order to quantitatively understand the sintering phenomena, we must analyze 
mass transport parameters at the sintering process. 
2.2.3. Matter transport in solid state sintering  
In Section 2.2.1 and 2.2.2 have been mentioned the matter transport during 
sintering. For quantitative analysis of the matter transport, diffusion during sintering can 
be considered a special case of more general reaction-rate theories [24]. This section 
will describe the analysis. 
a. Diffusion in solid 





                                         (2.2) 
where J is the flux of the diffusing species, D is the diffusion coefficient, c is the 
concentration per unit volume of the diffusing species, and x is the direction of diffusion. 
Einstein generalized the Fick`s equation by considering that the matter transport could 
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                                        (2.3) 
where  is the chemical potential, R is the universal gas constant, and T is the absolute 
temperature. The flux of the diffusing species, J, is equivalent to the product of the 
transport coefficient, Dc/RT, and the driving force, d/dx. In sintering, the internal 













 is the specific surface free energy per mole, dA is the change in the surface 
area and dx is the change in the radius of neck region. There are also many other 
external driving forces for sintering such as chemical reaction, pressure, electric field, 
etc. as listed in Appendix A. 
b. Diffusion as a thermally activated process 
The general theory of reaction rate is used for developing a basic understanding 
of diffusion equation that accounts for matter transport due to diffusion (D) and driving 
force, d/dx [24]. Two general considerations are the basis for rate study. The first is 
that each individual step in rate process must be relatively simple, such as an individual 
diffusion jump. Second, the reaction path of each step such as the individual atom jump 
in diffusion, decomposition, or formation of a new chemical bond, involves an activated 
complex or transition state of maximum energy along the reaction path [24]. Of all 
possible paths, the only one with the lowest energy barrier is the most rapid and the 
major contributor of the overall process. This activated-complex theory which 
corresponds to the energy maximum has provided a general form of the equation for 
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rate processes and is a model which allows semi-empirical calculation.  
If we consider the change in energy of an atom as it moves from one lattice site 
to another by a diffusion jump, there is an intermediate position of high energy (energy 
barrier) (Fig 2.9). A certain amount of energy is required for an atom/ion to move from 
its position to another position. Figure 2.9 shows two positions in equilibrium state, A 
and B and Y is activated state. The atom/ion has to pass through a region of high energy 
as illustrated in Figure 2.10. 
 
Figure 2.9 : Schematic drawing of the sequence of configurations involved when atom jumps from the 
normal site to a neighboring one. The free energy of every state is shown in Fig. 2.10 
. 
 
Figure 2.10 : Schematic sketch of energy barrier diagram for atomic jump. 
There are two main principles which form the basis for reaction rate theory of 
activated processes. First, even activated state`s life time is short, it can be treated as an 
equilibrium process with stable state. The relation idea to create an equilibrium constant, 





K = exp (-G†/kT)      (2.5) 
Second, the rate of transition of the activated complex into the product is proportional to 
frequency factor  (for solid about 1013/sec). Thus reaction rate (kr) is product of the 
frequency and the concentration of activated complexes. 
kr = exp (-G
†
/kT)      (2.6) 
Thermal energy is the most common form of energy supplied to a system. There can 
also be a situation where at low thermal energy, an external energy source E such as 
electric field, pressure, gravitation, etc. can supply the additional energy to the atom for 
overcoming the activation energy barrier (Fig. 2.11). When the supplied thermal energy, 
T, is high enough, the atom will overcome the activation energy barrier. However, in 
this situation, the probability of a forward jump is equal to that of a backward jump, 
resulting in a net zero flux. It suggests that simply raising the temperature does not 
result in a net flux when without driving force (Fd). If no driving force (Fd), it will result 
in the probability of a forward (kf ) and the backward jump (kb) to be equivalent to the 
reaction rate constant (kr). This is given by the Equation 2.7, 
𝒌𝒓 = 𝒌𝒇 = 𝒌𝒃 = νK = νexp⁡(−
∆G+
kT
)          (2.7) 
The presence of a driving force during diffusion would preferentially provide energies 
along one direction, resulting in a gradient in the supplied energy, Fd  0. Figure 2.6 




Figure 2.11: Schematic of the preferential energy field due to driving force  0 overlaid onto the energy 
barrier diagram  
It can be observed that more energy is available for a forward jump than for a 
backward jump. In other terms, it is easier for the atoms to jump in the direction of the 
driving force than against it. The probability of atom jump to Fd direction is higher than 
against Fd. This situation result in net diffusion of atom in Fd direction and net matter 
flux.  
There are many kinds of driving force for atom diffusion such as chemical 
potential gradients, d/dx , gradients in temperature, dT/dx, gravitation dg/dx , electric 
field dE/dx, and pressure dP/dx (see Appendix A). With driving force, the apparent 
energy barrier changes as illustrated in Figure 2.12. It is resulting in a preferential jump 
towards driving force direction. It should be noted that the activation energy G† does 
not change, but the measured activation energy for a forward jump ΔG1
+
 is much 
smaller than that for a backward jump, ΔG2
+
 so that the activation energy apparently 





Figure 2.12: Schematic of apparent energy barrier with presence driving force (Fd) [23]. 
knet = kf-kb                                             (2.8) 
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where,  is the inter-atomic distance. If driving force energy is small compared with 








 Fd                                  (2.9) 
Flux of atom, J, is product of inter atomic distance, reaction rate constant, and diffusing 
concentration. And by using Eq. 2.9:  







  x Fd                                 (2.10) 
 𝐅𝐥𝐮𝐱 = − 𝐓𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭 𝐜𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 x 𝐃𝐫𝐢𝐯𝐢𝐧𝐠 𝐟𝐨𝐫𝐜𝐞   
Comparison Eq. 2.10 with Fick`s law (Eq. 2.3) : 
D = νλ2exp  −
∆G+
kT
 = D0exp  −
∆G+
kT
                                 (2.11a)  
D = D0exp  −
Q
RT




Equation 2.11 shows the relation between diffusion, D, with the fundamental 
parameters for an atomic jump where νexp  −
∆G+
kT
  is the jump frequency of atom, 
Q=NG† is activation energy, D0 is pre-exponential of D which represents number of 
atomic jump per time, the complete form is including a geometrical factor() [24]: 
D0 = γνλ
2
        (2.12) 
One of the major results is to show that the diffusion coefficient has exponential 
temperature dependence. 
This analysis of diffusion terms of general reaction rate theory and activated 
processes gives a rational basis for temperature dependent and temperature-independent 
terms of mass transport [24]. The Equations 2.10 and 2.11 are fundamental equations 
for mass transport phenomena as function of transport coefficient and driving force 
where playing key role in process such diffusion control based sintering. 
2.2.4 Activation energy 
Activation energy (Q) required for diffusion (Eq. 2.11) is often measured 
experimentally to understand diffusion mechanism. This is done by monitoring the 
diffusion of the atomic species with respect to the temperature and then by taking 







+ lnD0                                        (2.13) 
Equation 2.13 is in the form of the well known Arrhenius relation. This Arrhenius 
equation for estimating activation energy is used in situations where one can measure 
diffusion with respect to the temperature.  
However, most of the sintering experiments usually involve measurement of 
densities or dimensions before and after sintering. It is not always feasible to estimate 
the diffusivity, D. To overcome the difficulty, some methods for estimating activation 
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energy were developed [4, 28-31] that can generally be classified to isothermal and 
non-isothermal method.   
a. Isothermal Method 
In isothermal sintering methods, we estimate the time required to reach a target 
density at a specific temperature. The rate of densification is recorded at each individual 
temperature. There are many ways to monitor densification rate. One commonly used is 
using a dilatometer. In the absence of a dilatometer, sintering runs are performed at 
regular intervals of time and the resulting densities are recorded. Experiments are 
designed with higher ramp rates to reach the target temperatures as quickly as possible 
and then to maintain the isothermal conditions. For densification () of compact which a 
thermally activated process such as in solid state sintering of alumina, activation energy 
is related to densification rate follows the Arrhenius theory [6]: 
   
dρ
dt
  = Cexp  −
Q
RT
         (2.14) 
where C is function of grain size and density. The apparent activation energy was 
estimated from the plot of ln (sintering rate) vs. reciprocal of the absolute temperature 
(Arrhenius plot).  
An example of the isothermal sintering methods to estimate the activation 
energy of microwave sintered alumina was performed by Janney, et al.[32]. Three 
different temperatures were used to estimate the time required to reach 80% Theoretical 
Density (TD). It can be observed that, as the temperature increases, the amount of time 
required to reach 80% TD decreases. The rate of densification, d/dt, for each 




Figure 2.13: Apparent activation energy estimation for sintering of high-purity alumina (AKP-50) using 
two different sintering methods [32] 
The slope of this plot gives the measured activation energy for that sintering 
process. It can be seen from Fig. 2.13 that the measured activation energies, Q, for 
sintering high-purity alumina were much lower on microwave method process 
comparing conventional method i.e. 160 kJ/mol vs 575 kJ/mol. Janney also calculated 
the activation energy of single crystal alumina (sapphire) using diffusing 
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O. It was 
reported that activation energy for diffusion in microwave anneals is about 40 % lower 
than that for conventional anneals, i.e. 410 kJ/mol vs 710 kJ/mol. 
b. Non-isothermal Method 
The high heating rates adopted for isothermal method will mask some of the 
changes that occur during the initial stages of sintering. Furthermore, there is a greater 
chance of developing a large number of stresses due to the presence of higher ramp 
rates. To avoid these experimental difficulties, a different method was developed based 
on conducting experiments at a constant heating rate known as non-isothermal method. 
Non-isothermal sintering methods aim at determining the activation energies by 
monitoring the sintering behavior of a material as a function of heating rate. Constant 
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Heating Rate (CHR) and the Master Sintering Curve (MSC) are the two non-isothermal 
sintering methods that were found in the literature. One of constant heating rate 
methods was developed by Young and Cutler and after simplified by Theunissen [31, 
106], 





 = Cyexp  −
mQ
RT
              (2.15) 
Taking the logarithm yields: 





  = lnCy −
mQ
RT
      (2.16) 
where m is a constant which for the mainly volume diffusion is 1/2 and for the mainly 
grain boundary diffusion is 1/3. 
It should be noted that the activation energy does not change, but the measured 
activation energy apparently changes. Thus, the estimated activation energy from 
experimental is usually called `apparent activation energy` or experimental activation 
energy. 
2.2.5 Grain Growth 
Grain growth is an integral part of sintering. It mainly occurs in the final stage 
of sintering because in this stage only small pores and other inclusions remain so that 
grain boundaries can move easily. There are two types of grain growth: normal grain 
growth and abnormal /discontinuous grain growth. In normal grain growth, the 
movements of the grain boundaries are homogeneous. Thus, grain size and grain shape 
distributions are relatively narrow throughout the growth. 
Considering the structure of boundary as in Figure 2.14a, the rate of the overall 
process is fixed by the rate at which atoms jump across the interface. The change in 







Figure 2.14. (a) Structure of grain boundary, (b) energy change for atom jump 
Atom transport during grain growth is due to driving force for atomic diffusion 
across the grain boundary caused by the difference in surface curvature [33]. Because of 
the pressure of the surface curvature, the boundary tends to migrate toward its centre of 
curvature and its grain boundary area and its energy can be reduced. We can apply the 
reaction rate theory as in densification process to grain growth because grain growth is 





kinetic of normal grain growth can be described as [24]: 
Gn − G0







)            (2.18) 
where G is grain size, K is grain mobility rate, t is time, n is an integer,  is geometrical 
constant of grain boundary curvature, Mgb is grain boundary mobility, gb is surface 
energy of grain boundary,  is the atomic volume, gb is width of grain boundary, K0 is 
pre-exponential constant of the material, R is gas constant, and T is the absolute 
temperature. Janney, et al. found that for alumina sintering, the grain growth has shown 
a cubic growth (n=3) [34].  
2.3. Microwave heating 
Microwaves are electromagnetic waves that lie between radio and infrared 
frequency regions in the electromagnetic spectrum with ranging in frequency from 
approximately 300 MHz to 300 GHz. Table 2.1 shows the frequency, wavelength, and 
photon energy for microwave radiation.  
Table 2.1 Microwave frequency, wavelengths, and photon energies 
Frequency (GHz) Wavelength (mm) Energy (eV) 
0.3  1000 1.24 x 10-6  
3  100 1.24 x 10
-5
  
30  10 1.24 x 10
-4
  
300  1 1.24 x 10
-3
  
Microwaves are used mainly for satellite communications, cellular phones, 
radar, and heating. The application of microwave for processing ceramics was first 
reported in 1960’s with the patent on firing refractory by Levinson [35]. Since then, 
microwave technology has been applied to process some of the common ceramics 
consisting of oxides, borides, carbides, nitrides, and a combination of these materials. 
Research on microwave ceramic processing showed promising results for applications 
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that demand rapid sintering at low temperature because microwave enhances rates and 
reduces apparent activation energies [5, 32]. Due to these observations, numerous 
studies were initiated focusing on application of microwave energy for processing 
different materials and several modifications of existing microwave equipment to 
accommodate material processing and for understanding the effect of microwaves. 
The most used frequencies of microwave for heating is 2.45 GHz for 
home-model microwave ovens due to the fact that the water molecules present in food 
show good microwave absorption at this frequency. The availability of 2.45 GHz 
microwave ovens resulted in their application to processing ceramics. Unfortunately, 
most ceramics are difficult to absorb the microwave energy in the frequency at room 
temperature. Several efforts have been done and reported by many people to sinter 
ceramics by using 2.45 GHz such as adding susceptor during sintering and designing a 
microwave hybrid system [6, 36-38].  
Recently, advanced progress in the development of electromagnetic radiation 
sources such as magnetron , klystron, traveling-wave tube (TWT), and gyrotron has 
opened the possibility to process materials by using higher frequency electromagnetic 
waves such as millimeter and SMMW. By using such high frequencies, materials 
should be heated more readily.   
2.3.1 Microwave Absorption Theory 
Microwave interaction with materials is fundamentally different from 
conventional process [1]. The ability of certain materials to convert microwaves into 
heat makes microwave processing possible. The main difference between a 





Figure 2.15 Heating patterns in conventional and microwave furnaces (redrawing from [2]). 
In conventional furnaces, the heating elements supply heat to the sample and 
the majority of heat is concentrated along the surface. Because energy is absorbed only 
on the surface and must be transferred into the bulk of part by conduction which takes a 
finite amount of time, the surface must be hotter than the interior part until the part 
achieves thermal equilibrium. In a microwave furnace, the material will absorb 
microwave energy and will convert it into heat. Heat is generated internally within the 
materials resulting volumetric heating.  
 
 




However, heat must lose from the surfaces by convection and radiation resulting in an 
interior temperature hotter than the surface. Typical temperature profiles of the two 
heating methods are shown in Fig. 2.16.  
In general, the time-averaged power dissipated per unit volume in a material 
can be expressed as, 
Pv = ωε0ε
`` E 2 = ωε0ε
`tanδ E 2      (2.19) 
Where `` is the imaginary part of the complex dielectric constant of the material,  is 
the angular frequency of the electric field E, and 0 is the permittivity of free space. The 
complex and frequency-dependent dielectric constant is determined by the structural 
properties and thermodynamic state of the material. 
The charges present in the material would respond to the electric field (that is 
associated with microwave) by the following two processes [1,2]: Polarization, short 
range formation and displacement of dipoles present in the material; quantified as (εd
``) 
and conduction, long-range displacement of charged particles; quantified as (εc
``). The 
formation and displacement of dipoles is dominant at the microwave frequencies (2.45 
GHz). Some of the other types of polarization observed in materials (at different 
frequencies) include electronic polarization (εe
``), ionic polarization (εi
``), and interfacial 
polarization (εs
``). Due to the experimental limitation with differentiating each type of 
polarization, a term referred to effective loss, (𝜀𝑒𝑓𝑓
`` ) has been introduced. The effective 







``                                           (2.20) 
The absorption of microwave energy and conversion to heat are due to polarization 
and conduction would result in a rise in temperature, 
ΔT
Δt











           (2.21) 
where,  ε0





``  is the relative 
effective dielectric loss due to ionic conduction and dipolar reorientation, f is the 
frequency ( Hz), Erms is the root mean square of the electric field within the material 
( V/m),  is the bulk density of dielectric material ( kg/m3 ) and Cp is the heat capacity 
of the material at constant pressure ( J/kg 
o
C ). The dissipation of microwave power is 
limited by the attenuation of electromagnetic waves within the material and this is 
quantified as depth of penetration, Dp. It is defined as the distance from the surface of 














      (2.22) 
where, ε` is the relative dielectric constant of the material and 0 is wavelength of 
microwaves.  
For a given microwave frequency, it can be observed from Equation 2.19 that 
microwave absorption depends on the effective dielectric constant, εeff
`` , and the 
magnitude of the internal electric field, Erms. The higher these values are, the more 
energy (microwave) would be absorbed. However, the extent to which microwaves are 
converted to heat is limited by their depth of penetration. It can be observed from Eq. 
2.22 that, with the increase in  εeff
`` , the Dp will decrease i.e., at very high effective 
dielectric loss values, the microwave heating will focus more along the material’s 
surface similar to that of conventional heating. The εeff
``  for most ceramics at room 
temperature is very low which makes microwave heating inefficient. However, at 
temperatures greater than 400 °C, the εeff
``  is high enough for microwave heating to be 




`` <5 are good candidates for microwave heating. Ceramics with εeff
`` < 0.01 
would be difficult to heat, while the ceramics with εeff
`` >5 would experience most of the 
surface heating and not bulk heating [2]. 
2.3.2 Frequency dependence of microwave absorption 
 Permittivity complex of materials varies with frequency and temperature due to 
the effect of the changing electric field on the movement of dipoles. The frequency 
dependence of each of these processes is presented in Fig. 2.17. It can be observed that 
the ionic conduction losses decrease with an increase in frequency. This behavior is due 
to the fact that as the frequency increases, a greater amount of time is available for the 
charge to transport in the direction of field.  
Another observation that is important to microwave processing is the shift in 
the losses due to dipolar rotation towards microwave frequencies with temperature. This 
behavior is due to the increase in kinetic energy of molecules with temperature. This 
phenomenon can lead to unstable accelerated heating often termed as thermal runaway. 
Frequency and material propertied dependence of dielectric constant and dielectric loss 
factor is expressed by Debye`s equations [4].   
ε` = ε∞ +
 εs−ε∞  
ε+ω2τ2
         (2.23) 
ε`` =
 εs−ε∞  ωτ
 ε+ω2τ2 
         (2.24) 
where, ε∞  is the dielectric constant of the material at very high frequency, εs  is the 







Figure 2.17: (a) Variation of ionic conduction and dipolar rotation with frequency and temperature and 
(b) frequency dependency of loss factor and dielectric loss : X =distance; A =Amplitude of electric field; 
εeff









          (2.25) 
where, η is viscosity, d is the molecular diameter, and k is Boltzman`s constant. These 
frequency and temperature dependence of ε` and ε``are plotted in Fig. 2.17. 
2.3.3 Microwave heating techniques 
Because ceramics commonly have a low and wide range of εeff
``  in room 
temperature, there are several efforts and techniques have been done and developed to 
make heating ceramics possible. The techniques can be categorized in two major efforts 
as explained in following sections. 
a. Microwave-assisted  heating 
For ceramics with very low εeff
`` , microwave-assisted heating techniques were 
developed. This idea was based on that εeff
``  of ceramics increases with an increase in 
temperature. Using a susceptor that supplies heat to the sample by absorbing 
microwaves at low temperatures, the susceptor will raise the sample temperature high 
enough that the material starts to absorb microwaves and heat by itself, independent on 
the suscepting material. In these methods, the sample would experience a combination 
of both conventional heating (during the initial stages) and microwave heating (at the 
later stages).  
There are many researchers’ interests that focus on engineering suceptors for 
sintering. Some of the most commonly used susceptors are SiC for alumina (Al2O3) and 
ZrO2 fiber boards for zirconia (ZrO2) [39, 40]. One of the disadvantages of using these 
suceptors is that there is a limited control over the amount of conventional heat (radiant) 
supplied to the sample. Wroe and Rowley [42] have come up with a new design for 
microwave-assisted heating. They modified a microwave cavity to incorporate heating 
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elements that have an independent power supply. This set-up essentially regulates the 
amount of conventional heat required for raising the temperature of the sample.  
b. Direct microwave heating 
Until recent years, because limited high frequency material processing system 
is available and most ceramics have low εeff
`` , microwave-assisted heating techniques 
were more commonly used. However, only have a few studies [7, 43] focused and used 
on studying the effects of direct microwave heating on sintering. Direct microwave 
heating is solely due to the interaction between microwave energy and the sample. The 
advantages of direct microwave heating (without a susceptor) during microwave 
sintering:  
- minimizes the perturbation of the electromagnetic field distribution in the cavity, 
- eliminates the presence of additional heating sources external to the sample, and 
- may potentially enhance the overall sintering behavior.  
- easier to identify microwave effect to sintered material 
According to Eq. 2.21, the rise in temperature for a given material is directly 
proportional to the frequency, f, εeff
`` , and Erms. For a given frequency, direct microwave 
heating relies on increasing the temperature of the sample by increasing the applied 
electric field. Fortunately, the value of εeff
``  of ceramics also rises as a result of an 
increase in temperature when the microwave frequency is increased [44]. It opens the 
possibility to using direct microwave heating by using a higher frequency instead of 
2.45 GHz. In this research, the sintering behavior of alumina (Al2O3) was examined at a 
high frequency of 300 GHz by using direct microwave heating methods (without a 
susceptor). Because of a very high frequency compared to the commonly used alumina 
processing (2.45, 24, and 28 GHz), the εeff
``  of alumina at this frequency would be 
much higher than that at the latter frequencies. Furthermore, the alumina should readily 
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absorb the microwave energy at room temperature even without a susceptor. The most 
commonly used microwave frequency for material processing, 2.45 GHz, was generated 
by high power magnetrons. For higher frequencies, such as millimeter and 
submillimeter waves, gyrotrons have been used as the radiation source up to now.  
2.3.4 Gyrotron as a microwave radiation source  
The gyrotron is a microwave vacuum device which can generate the coherent 
electromagnetic wave radiation up to megawatt power level by the interaction between 
the relativistic gyrating electron beam and the RF [45]. The device is based on the 
phenomena called Cyclotron Resonance Maser (CRM) instability occurring during the 
interaction of the helically moving electrons and RF. The development of the gyrotron 
device was initiated by the plasma physics community due to the requirement for high 
power millimeter wave radiation source in the Electron Cyclotron Resonance Heating 
(ECRH) of magnetically confined plasma. The principles of microwave generation in a 
gyrotron are based on the cyclotron-resonance maser instability of electrons gyrating in 
a static magnetic field. This instability arises from the relativistic change experienced by 
the electrons mass. The cyclotron frequency of an orbiting particle in a static magnetic 





        (2.26) 
where  is the cyclotron frequency, e, m are the charge and rest mass of the electron, B0 










Fig. 2.18 Schematic of Gyrotron [46] 
A simplified schematic diagram of a gyrotron is shown in Fig. 2.18. The 
electron gun produces a hollow cylindrical beam of gyrating electrons in a magnetic 
field. This results in high beam currents with a low transverse velocity. The classical 
physics picture of the Cyclotron resonance maser (CRM) is shown in Figure 2.19. When 
a beam of electrons gyrating about the magnetic field B0, with gyro frequency , enters 
a region of uniform alternating electric field of frequency , E = E0 cost ey, those 
electrons which are momentarily moving in the direction opposite to the field (electrons 
1, 2 and 3) will be accelerated, thus their mass will increase and their gyro -frequency 
will decrease and those that are moving with the field (electrons 5, 6 and 7) will be 
decelerated and their gyro frequency will increase. 
  
Fig. 2.19 Classical physics illustration of the CRM mechanism. 
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Initially, the electrons exhibit a random distribution in the orbital phase. The 
net effect of this over a number of cycles is to cause the orbital phases of the electrons 
to bunch together. This is known as transverse phase bunching and causes electrons to 
radiate coherently. If the wave frequency is slightly greater than the average electron 
gyro-frequency (  ), a net transfer of the electron kinetic energy to the microwaves 
energy occurs. The optimal bunching as much as 70% of the transverse energy of the 
beam can be converted to microwave energy. The conversion is achieved in a resonator. 
Given appropriate conditions, the interaction of the beam with the microwave electric 
field can lead to self-oscillation. 
At the present time, the gyrotron is expanded to various potential applications 
at different frequencies and power levels in the field of plasma diagnostics, material 
processing, THz spectroscopy, high density communication, weather monitoring, 
security etc. due to various inherent advantages of millimeter/submillimeter wave 
radiation over microwave radiation. The uniform and the localized heating are the main 
advantages of millimeter wave radiation in the material processing and heating. Due to 
the short wavelength, it is possible to use in the surface treatment of materials. In the 
millimeter wave frequencies range, the 24 and 28 GHz are the most popular used widely 
for the material processing applications by the gyrotron community [7-10, 47]. A 35 
GHz is also a most used frequency in the millimeter wave region due to the natural 
atmospheric window at this frequency and thus used in the communication and whether 
diagnosis applications. Even some research groups have worked on other frequencies 
such as 30, 35, and 83 GHz to for the material processing applications, but still 24 and 




Recently, a very high frequency gyrotron (up to 1 THz) has been developed 
and applied on various fields at FIR Center University of Fukui, Japan [48]. For 
material processing, a submillimeter waves material processing system (SMMW-MPS) 
has been developed by using a 300 GHz, 2.3 kW gyrotron as the radiation source [98]. 
The system has been successfully applied for processing ceramics such as Zirconia and 
Silica Xerogel [49, 50]. 
2.4 Microwave enhanced sintering of ceramic 
2.4.1 Previous results on microwave enhanced sintering of alumina ceramic 
Microwave sintering of alumina has been reported by several scholars 
[6,7,9,10 ]. It has received much attention because of the observed substantial decrease 
in sintering temperature and fast heating rates. Tian, et al.[51], have performed 
sintering of alumina (Baikalox CR-30) at 1700 
o
C for 12 minutes. They reported that 
the sintered samples achieved 99.0% and 99.8% of theoretically density (TD), with 0.8 
m and 1.9 m grain sizes, respectively. They claimed that there was enhancement of 
sintering compared to conventional methods as a result of the early activation of grain 
boundary and lattice diffusion before surface diffusion could coarsen the microstructure 
and reduce the driving force for sintering. This could occur because the samples passed 
rapidly through the lower temperature regime where surface diffusion dominates. Their 
explanation is similar to that of Harmer and Brook who explained a better densification 
through fast firing alumina by using conventional heating [26]. The latter proposed that 
densification is favored and grain growth is limited by quickly heating to high 
temperatures. Coarsening is favored at low temperatures whereas densification is 
favored at high temperatures, thus low temperature coarsening can be avoided by 
rapidly heating to the sintering temperature. Cheng, et al.[52], used microwave 
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sintering to obtain 99.99% density at 1700 ºC for 30 minutes for MgO doped alumina 
(CR-10, Baikowski). It was about one-tenth the time required for conventional 
sintering. Katz and Blake used Alumina (AKP-50) as a starting material which was 
sintered for over 100 minutes at temperature over 1400°C. The sintered alumina 
achieved 99% TD [53].  
An investigation on ultra-rapid hybrid microwave sintering of alumina which 
showed accelerated densification compared to conventional sintering was reported by 
De, et al.[54]. The variation in properties such as porosity, grain sizes, hardness, and 
fracture toughness were examined along the cross-section of a sample. They found that 
microwave-sintered samples showed higher density, 96% TD, when compared to 
conventionally sintered samples, 87% TD. They also found a greater variation in 
porosity across the cross-section of a conventionally sintered sample than that in a 
microwave-sintered sample.  
In addition, further microstructure and mechanical property evaluation of 
sintered samples showed that both microwave and conventional sintering had 
differences in property between the samples’ surface and interior. Microwave-sintered 
samples exhibited higher hardness and fracture toughness values at the center of the 
samples. These observations indicated that the interior of the samples experienced a 
better sintering or volumetric heating applied with microwave heating. This 
improvement was due to the difference in heating patterns between a conventional and 
a microwave furnace.  
  All works in microwave sintering of alumina described above used 2.45 GHz 
because it was relatively more available than other higher frequencies. The use of a 
higher microwave frequency (28 GHz) was firstly reported by Janney, et al. [7] for 
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sintering alumina (AKP50) doped by 0.1% MgO. They found that alumina which 
cannot easily absorb microwave energy of 2.45 GHz at low temperature, could easily 
absorb the 28 GHz microwave energy. It was also reported that microwave sintering 
enhanced the densification compared to conventional sintering at the same temperature 
and at temperature of approximately 250 
o
C lower than conventional sintering [7]. The 
average pore size of the microwave sintered samples for a given density was smaller 
than that of the conventionally sintered ones. This could have been a result of less 
coarsening in the microwave sintered samples. Besides showing sintering rate 
enhancement, their studies seem to suggest that activation energies for diffusion are 
lowered by microwave processing. These reports suggested that microwave could 
possibly lead to enhanced transport coefficients (lowered apparent activation energies). 
Moreover, The results indicated a microwave frequency effect to sintering process.The 
sintering of alumina by using other high frequencies was published by Sano, et al.[10]. 
They reported that alumina samples sintered at 83 GHz had a higher density than those 
sintered at 30 GHz.  
The effect of the green samples on microwave sintering of alumina was also 
reported. The cold isostatic pressed (CIPed) alumina samples sintered at millimeter 
waves (30 GHz and 83 GHz) showed a higher both density and hardness than `as form’ 
(unCIPed) samples (Fig. 2.20). However, up to now, there have been no comprehensive 
studies which compared the sintering of alumina at 2.45 GHz and other higher 





Figure 2.20:  Effect of microwave frequency and green sample in microwave sintering alumina [10] 
Based on several reports presented above, there is an indirect indication to the 
fact that microwaves can speed up matter transport during sintering which results in an 
enhancement of densification. Some of the investigations provide clear evidence 
through direct diffusion measurements by using diffusing atom or ion during microwave 
heating. The results are briefly presented, as follows, 
That microwave enhanced the diffusion and reaction zone on alumina ceramics 
has been reported by Ahmad [55]. He used single and polycrystalline alumina and used 
zinc oxide as diffusing particles. Diffusion studies in single crystals are preferred to 
eliminate any of the effects coming from grain boundaries. The annealing was 
performed at 1100 °C inside conventional and microwave furnaces for a period of 3 
hours. Using single crystal (sapphire) and back-scattered electron imaging to track the 
movement of zinc atoms inside the samples, he found that microwave-annealed 
samples appeared to enhance the reaction and diffusion, which was also found in 




Figure 2.21: (a) Concentration-depth profile for diffusion data of 
18
O into sapphire 1550 
0
C microwave 
anneal and 1750 
0
C conventional anneal; 4 h hold. (b)The measured activation energy for diffusion of 
18
O 
in sapphire was lower for microwave firing as compared with conventional heating [8]. 
On single crystal alumina, Janney [8] monitored the rate of diffusivity with 
respect to temperature for 
18
O isotope during millimeter waves (28 GHz) and 
conventional heating. The diffusion of 
18
O was greatly enhanced by microwave heating 
as compared with conventional heating. Figure 2.21 shows the diffusion profile and 
activation energy of the diffusivity (of 18O) in sapphire. The apparent activation 
energy for 
18
O bulk diffusion was determined much lower compared to conventional 
heating.  
2.4.2 Previous investigations on microwave processing of other ceramics 
Ceramic sintering in microwave furnaces has been widely studied. Besides on 
alumina ceramic, studies on sintering on other materials have also been reported, such 
as, on zirconia [38, 41, 42, 43, 56, 57], barium titanate [58], mullite [59], phosphates 
[60], borides [61], and nitrides [62-64]. Reaction enhanced sintering has also been 
reported on nitrides [65] and lead-barium titanate [66]. Moreover, many other thermally 
activated processes have been studied in microwave furnaces, such as, 







[70-72], grain growth [34], annealing [34,73], combustion synthesis [74], calcinations 
[76], and other solid state reactions[76,77], surface penetration of ion diffusion in 
alumina [32], chemical diffusion in glass and ceramic [78-79]. 
Microwave sintering of alumina has received much attention because of the 
observed substantial decrease in sintering temperature and fast heating rates. However, 
some scholars have been doubted by the claims of enhancement in microwave 
processing [80]. Some people believed that the enhancement observed was because of 
temperature measurement error. However, in many experiments mentioned in previous 
section, the process rates in microwave furnace are too high (often in order of 10 or 
faster than those in the conventional processing) to be explained by the temperature 
measurement error only. Moreover, several techniques have been developed for 
accurate temperature measurement in microwave processing system. 
2.4.3 Physical understanding of microwave enhanced sintering 
Generally, the effect of microwave on material processing broadly called 
`microwave effect` can be distinguished in thermal and non-thermal effect. Thermal 
effect refers to interactions resulting in increased random motions of particles where the 
kinetic energy statistics of such fluctuations are represented by a single thermodynamic 
equilibrium distribution. Non-thermal effects refer to interactions resulting in 
non-equilibrium energy fluctuation or deterministic, time-averaged drift motion of 
matter or both [81-82]. In sintering, there are two ways to provide enhanced mass 
transport in crystalline ceramics as shown in Eq. 2.10. They (a) increase transport 
coefficient, and (b) create an additional driving force for atom flow. Microwaves may 
increase either driving force or transport coefficient or both of them. The theoretical 
explanation of the enhancement is still under discussion because of the lack of credible 
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and verifiable theoretical explanations [31, 82]. Several investigators have proposed a 
theoretical model to explain the phenomena. The physical mechanisms of microwave 
interaction with materials which result in `microwave effect` are briefly described, as 
follows. 
- Thermal interaction 
Thermal interactions mean mechanisms by which the microwave fields are converted 
directly to thermal energy within the material. This is accomplished by coupling to 
dielectric polarization phenomena, particularly with lattice vibrations at higher 
frequency and defect dipole relaxations at lower frequencies or by Ohmic resistive 
losses. These interactions are also observed as enhancement of material processing rate 
such as enhancement sintering, reaction rate, etc. 
- Non-thermal interaction 
Non-thermal interactions mean mechanisms that do not necessarily contribute to the 
heating of the material, but somehow alter the lattice, the defect chemistry, and/or the 
defect mobility such as enhanced diffusion and reaction rates would occur. The 
theoretical model developed by Freeman and Booske suggests that such an effect occurs 
by increasing the probability of diffusion events beyond the probability predicted by 
Boltzman (thermal) statistics [81-82, 84-85]. The non-Boltzmann, high energy tail of 
ion energy distribution would increase the likelihood of diffusion events, and these 
enhancements would become greater at higher apparent activation energy. Another 
theory was proposed by Fathi, et. al.[78]. They described that the enhancement was due 
to increased vibration frequency of the ions caused by the electric field of the 
microwave radiation. However, calculation based on phonon kinetic equation indicated 
that the phenomena were too small for the microwave field intensities [80].  
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Recently, a theory has been developed by Rybakov and Semenov to explain the 
microwave effect [86-87]. They proposed that microwave induced a new additional 
driving force known as ponderomotive force (PMF) for inducing diffusion of ionic 
crystalline materials. The basic idea was based on the effect of “rectification” of the 
oscillatory vacancy drift near grain boundaries. In a uniform single crystal, the 
electromagnetic field does not perturb the concentration of vacancies and induces only 
homogeneous oscillatory fluxes of vacancies. However, in the vicinity of a grain 
boundary (or interface), oscillatory fluctuations of the concentration of vacancies arise 
due to their oscillatory drift. These fluctuations are in phase with the high frequency 
electric field [86]. Therefore, net averaged over the field period drift flux is non-zero. 
The direction of the net flux is same for both positive and negative vacancies, which 
means that a transport of matter (or mass) occurs. Since the mobility of positive and 
negative vacancies is generally different, there should also be a charge transport. The 
flux of vacancies is determined by : 
J = −D∇N +  
Vα
kT
 D ρ𝐄         (2.27) 
ρ =  eαNα/Vα          (2.28) 
where, V= vacancy volume, = density of electric charge (oscillating with the field 
frequency) associated with vacancies, D is diffusivity of vacancies, N =  Nα , eα  is 
the electric charge, Nα and  ρ𝐄  is denoted as averaging over a period of the 
microwave field =PMF for vacancy flow. The term  
Vα
kT
 D ρ𝐄  expresses vacancy drift 
under the action of the averaged PMF.  
 The characteristic magnitude of PMF is not large. The measure of the 
corresponding stresses is the radiation pressure of electromagnetic wave under which 
the condition of most microwave processing experiments does not exceed 0.1 Pa. 
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However, this PMF is applied directly to the mobile vacancies in contrast to mechanical 
stresses. Therefore, the efficiency of mass transport generation by PMF considerably 
increases up to 8-9 orders of magnitude higher than that by mechanical stresses [86]. 
Moreover, Freeman et al. [82, 88] calculated numerically for realistic crystal parameters 
and computed the driving force arising due to the ponderomotive action of microwave 
fields. They showed that the magnitude of this driving force fell in range 10-18 to 10-17 
N. This value is comparable to the natural driving forces responsible for conventional 
sintering [22]. Recently, some experimental results have showed agreement with the 
theory [83, 90].  
2.5 Ceramic packing method: isostatic pressing  
Final properties of sintered material depend on initial particle packing. There are 
several methods for material packing. It has been long been known empirically and 
discussed theoretically in powder mechanic that if an any shape is compressed in order 
to mold a high density compact, the resulting compact is not uniform in density. With 
the coming of the idea that the dense compact might result if the powder were 
compressed with equal force in all directions, then isostatic technology was then born 
[91, 92]. The isostatic pressing was based on Pascal`s principle which states that “if we 
increase the pressure at one point in a stationary fluid that is completely enclosed in a 
vessel, then the pressure at all points within the fluid will increase by exactly the same 
amount”. The technology was first attempted in 1913 by the Westinghouse Lamp 
Company in America to produce heat resisting metals [91]. There are two kinds of 
isostatic pressing: when the pressure is applied at ambient or room temperature, the 
process is referred as cold Isostatic pressing (CIP), and when the process is applied at 
elevated temperature, then it is referred as hot isostatic pressing (HIP).  Figure 2.19 
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shows the schematic illustration of CIP and HIP. In CIP, the powder is contained in a 
flexible mould which is then immersed in a liquid, usually water, which is pumped to a 
high pressure. The most attractive thing about isostatic pressing technology is that the 
powder is compacted with the same pressure in all directions, and, since no lubricant is 
needed, and high and uniform density can be achieved. The process removes many of 




Figure 2.22 Cold and hot isostatic pressing illustration 
2.6 Mechanical property of ceramic   
Because microwave processing can achieve a high heating rates and shorter 
sintering cycle, it possibly to produce a high density with finer grains as reported by 
several investigators [10, 26, 51]. In polycrystals with grain sizes in the micrometer 
range, strength of material increases with decreasing size [93-94]. This is known as the 
Hall-Petch effect, and was first explained in terms of the piling up of dislocations, 
created by the shearing of crystal planes in each grain, at the grain boundaries. As the 
grains become smaller, the effect of dislocation blocking increases, thereby 
strengthening the material. But with the synthesis of nanocrystals, with grains in the 
nanometer range, the opposite behaviour was found: inverse Hall–Petch effect as shown 
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as shown in Figure 2.20 [93]. The yield strength or yield point of a material is the 
stress at which a material begins to deform plastically. There are several theories of 
grain size effects mechanism to strength of material. One of them is a material with 
larger grain size is able to have more dislocation to pile up leading to a bigger driving 
force for dislocations to move from one grain to another [93]. Thus we will have to 
apply less force to move a dislocation from a larger than from a smaller grain, leading 
materials with smaller grains to exhibit higher yield stress (Fig. 2.23).  
 
Fig. 2.23 Hall-Petch relationship for mechanical property-grain size 
Other model is pinning effect of grain boundary theory. This theory explains 
that a dislocation is capable of traveling throughout the lattice when a stresses are 
applied. This movement of dislocations results in the material plastically 
deforming. Pinning points in material must halt a dislocation's movement, requiring a 
greater amount of force to be applied to overcome the barrier. This results in an 
overall strengthening of material. However the pores in material are the most affect to 
mechanical properties of material. Thus, comparison of mechanical properties for 




Fig. 2.24 Grain size effect mechanism to strengthening of material 
  Because mechanical properties of material strongly depend on pores and grain sizes, 
produce a high density and fine grains ceramics is one of the desired goals of the 
engineers in ceramic processing.  
 





Two of popular methods for mechanical property testing of ceramics are 
Vickers hardness and fracture toughness. 
a. Vickers hardness testing 
One method to determine mechanical property of material is Vickers hardness 
indentation. The basic principle of this method is to observe the questioned material's 
ability to resist plastic deformation from a standard source [95]. The Vickers test can be 
used for all metals and has one of the widest scales among hardness tests. The unit of 
hardness given by the test is known as the Vickers Pyramid Number (HV).  
The hardness number is determined by the load over the surface area of the 
indentation and not the area normal to the force, and is therefore not a pressure. Vickers 
hardness test uses a square-base diamond pyramid as the indenter with the included 




Fig. 2.26 Vickers hardness testing method [95]  












         (2.29) 
Where F is the force applied to the diamond (in kilograms-force) and S is the surface 
area of the resulting indentation in square millimeters, d is the average length of the 
diagonal left by the indenter in millimeters.  
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Figure 2.27 shows dependence of alumina hardness to grain size at room temperature. 
 
Figure 2.27 Hardness of alumina as function of grain size at room temperature (96) 
b. Fracture Toughness 
Fracture toughness is a property which describes the ability of a material 
containing a crack to resist fracture, and is one of the most important properties of any 
material for applications [96]. There are two kind of fracture toughness: 
1. Linear-elastic fracture toughness: determined from the stress intensity factor at 
which a thin crack in the material begins to grow and denoted by KIc in MPa.m
1/2
. 
2. Plastic-elastic fracture toughness where denoted by JIc, with the unit of J/cm
2
. 
There are several ways for fracture toughness measurement methods. Due to its 
simplicity, its non-destructive nature, and the fact that minimal machining is required to 
prepare the sample, the use of the Vickers hardness indentations to measure fracture 





The fracture toughness then calculated by equation,  
             (2.30) 
where P is the indentation-applied load, c is length of the crack arising from the corners 
of the impression and E and HV are respectively the Young`s modulus and Vickers 
hardness.  
 
Fig. 2.28 Principe scheme of indentation crack geometry for KIc measurement 
 
Fig. 2.29 Fracture toughness of alumina as function of grain size at room temperatures [93] 
Figure 2.29 shows dependence of toughness to grain size for various materials at room 
temperature, 22°C by various tests [96]. However wide range fracture toughness values 
have obtained by different investigator as reported for alumina where one the most 
































Experimental Procedure  
This chapter provides the experimental procedure of the research including: samples 
preparation, sintering, and characterization.   
3.1 Sample Preparation 
A high purity alumina powder AES-11 C (Sumitomo Chemical Co. Ltd., 
Japan) was prepared as the starting powder. Alumina is one of materials which have a 
unique combination of useful mechanical, electrical and chemical properties. Alpha 
alumina is the only thermally stable oxide of aluminium. It has wide range applications 
in industry. The properties of the powder used in this work are shown in Table 3.1. The 
green compacts (samples before sintering) were prepared by using the procedures 
explained in following sections.   
Table 3.1 Properties of alumina AES-11C 
 
3.1.1 Slip casting  
The powder was dispersed in de-ionized water with 0.3wt% dispersant, an 
ammonium polycarboxylate acid (Aron A6114, Molecular Weight 6000, Toa Gousei 
Kagaku Co. Ltd., Japan). The dispersant was added to the slurry to prevent the 
agglomeration of the suspended alumina particles. To remove hard agglomerates prior 
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to compaction, the powders were ball milled in an alumina jar for 22 hours. A 
cylindrical sample with a diameter of 20 mm, and a height of 5 mm was formed by slip 
casting. Because estimation of penetration depth of 300 GHz waves is about 16 mm at 
room temperature, this sample size was expected to provide enough penetration depth of 
SMMW waves (volumetric heating). The schematic diagram of slip casting procedure is 
shown in Figure 3.1.  
 
Figure 3.1: The block diagram of green sample preparation 
3.1.2 Cold isostatic pressing 
To investigate the effect of green samples, this work adopted cold isostatic 
pressing (CIP) method. Figure 3.2a shows the actual photo of CIP device used in this 
work. Cold isostatic pressing involves the application of hydrostatic pressure to a rubber 
mold containing samples. The CIP`s pressure results in force equally along all 
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directions of the samples. A schematic of this situation is shown in Figure 3.2b. The 
CIP was performed before drying because it would result in a higher density of green 
samples [10, 97]. To optimize the CIP treatment for green samples, firstly the samples 
were pressed by varying the pressure and then followed by varying the holding time for 
each pressure. From these results, the optimum parameter resulting in the highest 
average density was chosen. The optimum pressure of 150 MPa given for 2 minutes was 
found as shown by graph in Fig. 3.3. The CIP treatment samples is referred as `CIPed 
samples`. The samples were left as form without pressing is referred as `unCIPed 
samples`.  
Figure 3.2: Cold Isostatic Pressing (CIP) (a) the actual photo (b) the schematic picture 
3.1.3 Drying and pre-sintering 
After slip casting, the samples were air dried at 120 
o
C for 2 hours and then pre-sintered 
by heating in an electric furnace (FUA-112DB; Johnson Science Equipment Corp.) for 
2 hours at 600 
o
C to remove all water, the remaining deflocculants and any pollutants 
that may have been introduced during processing. Based on the sample density 
measurement before and after pre-sintering, the relative sample density increased 







referred to as green samples. The average relative density of the green samples was 
approximately 55.5 % of TD.  
 
Figure 3.3: Density change of alumina samples with increasing CIP pressure 
Figure 3.4: (a) Oven DRM-620DA and (b) Electric Furnace FUA-112DB 
3.2 Sintering 
After the pre-sintering, samples were then sintered by using different sintering 
methods, such as, a submillimeter wave (300 GHz), millimeter wave (28 GHz), 
microwave (2.45 GHz), and conventional (Electric Furnace). The detail of sintering 







3.2.1 Submillimeter wave sintering 
a. Sintering system 
A submillimeter wave sintering was performed by using a submillimeter wave 
material processing system (SMMW-MPS) in FIR Center University of Fukui where a 
300 GHz gyrotron as radiation source. The whole system is shown in Figure 3.5. The 
detail of every section of the system will explained in following sub-sections.  
 
Figure 3.5: Submillimeter wave material processing system (SMMW-MPS) 
- Gyrotron 
FU CW I is installed in a liquid helium free 12 T super conducting magnet. 
This gyrotron can be operated either in CW mode or in pulse mode. The system has 
been applied for material processing system with an output power of 1.75 kW and a 
frequency of 300 GHz in a continuous wave (CW) operation. The maximum design 
value of the output power is 3.5 kW /CW for the cathode voltage of 16±1 kV and the 
beam current of 1.1±0.1 and designated cavity mode is TE22,8. The tube has an internal 
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quasi-optical mode converter, which transforms the wave generated in the resonant 
cavity to a well-collimated linearly polarized Gaussian beam [96]. The microwave 
generated by the gyrotron is transmitted to the applicator through a low-loss corrugated 
circular waveguide. In order to achieve the low-loss transmission at the frequency of 
300 GHz, the over coupled corrugated waveguide (i.d. =6.35 cm) has a fine structure 
with corrugated period and depth of 254 μm [96].  
- Applicator 
The applicator has a cylindrical shape with a diameter of 45 cm, and a height of 
88 cm. Because it is very large in size compared to the wave length (1 mm), this 
applicator can be treated as untuned cavity. The applicator will say unturned if it is large 
enough, compared to the wave length, such individual mode resonances overlap. Even 
no satisfactory formalism has been developed for determining the cavity size for 
uniformity because it is a function of loading condition and source bandwidth as well as 
cavity size, the rule of thumb gives dimension of cavity (L) for uniformity: L/100 
(L=dimension of cavity, =wavelength in vacuum) [98]. The surface heating by a high 
intensity focused wave beam and a volumetric heating by uniformly distributed 
microwave energy and can be performed in this applicator. High frequency 
electromagnetic wave (EMW) has an advantage of the uniform distribution without a 
standing wave. However, the round surface of cylindrical applicator behaves a 
collecting mirror for the 300 GHz EMW so that the EMW focus disturbs its uniform 
distribution. In order to improve EMS distribution, K. Sako, et al. [100], have installed 





Figure 3.6: Applicator of SMMW-MPS 
b. Temperature measurement  
  The samples were placed in a hollow cylindrical alumina fiber-board thermal 
insulation (DENKA-ALCEN) and sintered without a susceptor. The schematic of 
temperature measurement setup is shown in Figure 3.7. The temperature was measured 
by using Pt-R-type thermocouple which has the maximum temperature capability of 
1700 °C. No microwave interference effects on thermocouple were observed during 
operation when microwave radiation was turn on and off. It was concluded that the 
thermocouple provided a true sample`s temperature. The sensor was placed directly in 
contact with the surface of the samples. After keeping the timing at the desired 
temperature, the cooling was performed naturally by turning off the radiation of the 















Fig. 3.7 The schematic drawing of temperature measurement for SMMW heating 
The sintering was performed from peak temperature of 700 
o
C to 1700 
o
C  at a 
constant heating rate of 45 °C/min. After reaching the peak temperature, the temperature 
was kept for about 20 minutes. Variations in heating rates of 15 °C/min, 30 °C/min, 
60 °C/min, and 90 °C/min without holding time were also performed. Figure 3.8 shows 
the profile of temperature as function of time of submillimeter wave sintering by using 
SMMW-MPS. 
 
Figure 3.8: Typical SMMW heating schedule of alumina 
3.2.2 Millimeter wave sintering 
a. Sintering system 
A millimeter wave sintering was performed by using 28 GHz Gyrotron Heating System 
(GHS) The 28 GHz Gyrotron produces an electromagnetic radiation as a microwave 
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source in the GHS system as shown in Figure 3.9. The Gyrotron parameters are listed in 
Table 4.2. The microwave produced by the gyrotron is transmitted to the applicator by 
using a transmission line which consists of: converter of the mode H02 to the mode H01, 
thermal expansion compensator, converter of the mode H01 to the mode HE11, mode 
filter, window section, and launcher. The launcher directs the wave beam to a mirror 
installed in the upper section of the applicator. The applicator of this system has a 





Figure 3.9: 28 GHz Gyrotron Heating System (GHS) 







Frequency 28.0±0.1 GHz 
Max. output power 15 kW 
Output radiation TE0,2 
Electron beam current 2.25 A 








This applicator is also very large compared to wavelength of 28 GHz wave (12 
mm), and at 300 GHz, it also can be treated as an untuned cavity [99]. In addition to 
being based on the rule of thumb, the uniform microwave energy can be achieved in this 
applicator (L/>100). This applicator is also equipped with a mode stirrer to increase 
the homogeneity of the microwave energy distribution. The surface heating by a high 
intensity focused wave beam and a volumetric heating by uniformly distributed 
microwave energy can be performed in this applicator by using replaceable mirrors. 
Fig. 3.10 Temperature measurement for millimeter wave sintering actual photo (a) schematic drawing (b) 
The sensor was placed directly in contact with the surface of the samples 
because no big temperature difference between the surface and the center was observed 
during sintering. After keeping the time at the desired temperature, the cooling was 
naturally performed by the turning off the radiation of the gyrotron and leaving the 
samples inside the applicator.  
b. Temperature measurement  
In this heating system, the temperature and microwave power are automatically 
controlled by a computerized control system. Samples were placed in a hollow 










susceptor. The schematic of temperature measurement setup is shown in Figure 3.10. 
The temperature was measured by using Pt-R-type thermocouple which has the 
maximum temperature capability of 1700 °C. The sensor has been tested in this system 
and no microwave interference effects on thermocouple were observed during 
operation.  
 
Fig. 3.11 Typical temperature heating schedule on millimeter wave heating of alumina 
The sintering was performed from peak temperature of 700 
o
C to 1700 
o
C in air 
at a constant heating rate of 45 °C/min. The peak temperature was kept for about 20 
minutes. The typical temperature profile as a function of time of millimeter wave 
sintering is shown in Figure 3.11 
3.2.3 Microwave sintering 
Microwave sintering was performed by using a 2.45 GHz microwave kiln 
(Panasonic-XJ-03MK). This system was rated to a maximum operating temperature of 
1250°C. The temperature can be programmed and monitored from the system control 
panel. Figure 3.12 shows the actual photo of the microwave kiln. The sintering was 
performed from peak temperature of 700 
o
C to 1200 
o




Figure 3.12: Microwave kiln (2.45 GHz) 
3.2.4 Conventional sintering 
Samples were sintered conventionally in a high temperature electric furnace 
(KBF-314N1; KOYO Thermosystem). This furnace uses resistance type heating 
elements of molybdenum disilicide (MoSi2). The molybdenum disilicide elements are 
exposed in the oven chamber thereby heating the inner chamber wall and 
simultaneously radiating heat to the sample. This furnace was rated to a maximum 
operating temperature of 1700°C. The temperature can be programmed and monitored 
from the control panel of the system. Figure 3.13a shows the actual photo of the 
conventional furnace and the Figure 3.13b shows the furnace box containing heating 




thermal insulator  
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Figure 3.13: Electric Furnace KBF-314N1 for conventional sintering 
Sintering was performed from 700°C to 1700°C with a 100°C interval, a heating rate of 
2°C/minutes, and a soak time of about 20 minutes after reaching the maximum 
temperature after which the samples were left inside the furnace and naturally cooled to 
room temperature.  
3.2.5 Sintering series  
Three sintering series were performed in this work, namely, 1) sintering series 
for investigating the frequency dependence on microwave effect in alumina, 2) sintering 
series for investigating the green sample effect on microwave effect in alumina, and 3) 
sintering series for investigating the apparent activation energy. The first two series are 
shown in Fig. 3.14 and the last one is shown in Fig. 3.15. The estimation of apparent 
activation energy for sintering was performed by using the isothermal sintering methods 
described in detail in Section 2.5.1. The methods estimated the time required to reach a 
target density at a specific temperature. The experiments were performed at high ramp 
rates (45 
0
C/min) for 28 GHz and 2 
0
C/min for conventional method to reach the 
targeted temperatures as quickly as possible and to maintain the isothermal conditions 











(Arrhenius plot) were then plotted. The slope of this plot gave the estimated activation 
energy for the sintering process. This method can be applied for solid state sintering 
where sample densities are the approximately same and the grain growth is at minimum. 
For microwave frequency of 300 GHz, data shrinkage from the first two sintering series 
were used by following the Young and Cutler`s method accordingly [31]. 
 
(* Maximum temperature of 2.45 GHz sintering is 1200 
o
C) 
Figure 3.14: Sintering series of alumina for densification 
 
 




3.3.1 Density measurement 
Densities, open pores, and closed pores of the samples were measured and 
calculated based on the Archimedes`s method where de-ionized water used as an 
immersion medium. The procedure used in this study was concomitant with the 
standard test method described in detail by the American Society for Testing and 
Material Specification, ASTM C373-88 [101]. The density (b) and the open porosity 
(%PO) were calculated as follows: 
ρb =
W b
W sat −W sus
ρw             (3.1) 
%PO =
W sat −W d
W sat −W sus
x100                                               (3.2) 
where Wd is the weight of the dried sample, Wsat is the weight of the sample when with 
the open pores filled with water (saturated), Wsus is the weight of the saturated samples 
when it is suspended in the water, w is the density of the water. The total porosity (%P) 




x100                                                 (3.3) 
where s is theoretical or the structural density. From Equation 3.2 and 3.3, the closed 
porosity (%PC) is given by,  
%PC= %P - %PO                                                    (3.4) 





Fig. 3.16 Archimedes `density measurement system 
3.3.2 Microstructure characterization 
a. Particle size estimation 
Fracture surfaces were prepared by fracturing the samples. They were then coated 
with evaporated platinum (Pt) by using an ion sputtering HITACHI E-1030 before SEM 
photos were taken. The SEM photos were taken every 500 m from the surface to the 
center of the samples horizontally by using a scanning electron microscope (SEM) 
HITACHI S-2600 HS (Figure 3.17) at a magnification of 10,000 times and at 
accelerating voltage of 15-17 kV. Gray scale SEM photos were processed by various 
images processing programs before the grain size calculation. The grain sizes and their 
distribution were calculated by using ImageJ (National Institutes of Health, USA) [102]. 
The average grain size was determined from the grain size distribution histogram based 




Fig. 3.17 Scanning Electron Microscope (SEM) system 
b. % Pore estimation 
The percentage of pores was calculated from SEM photographs of the cut 
sample surfaces. The samples were first cut by using a micro cutter device (Fig. 3.18). 
The surfaces of the cut samples were then polished by using a grinding system (Fig. 
3.19). Pictures were taken every 500 micrometer from outside to the center and from top 
to the bottom of the samples. The pore calculation from SEM photos was done by using 
free software ImageJ. A block diagram of microstructure evaluation procedure is shown 








Fig. 3.18 Maruto micro cutter system  
 




Figure 3.20: Experiment for determine grain size and pore  
3.3.3 Mechanical properties characterization 
To investigate the mechanical properties of sintered alumina, alumina samples were cut 
and grinded as described in detail in the previous Section (Fig 3.18). The grinded 
surface was then prepared for Vickers hardness testing. The testing was done for 




performed by using a micro Vicker hardness tester (Akashi MVK-EII).  
 
Fig. 3.21 Micro Vickers hardness measurement system (AKASHI MVK-II) 
Testing was performed every 200μm from the surface to the center of samples 
by adjusting the position of samples (Fig. 3.21). The average of the micro Vickers 
hardness values from several points on the same sample was then identified as the 
hardness value of the sample. Fracture toughness (KIc) was then calculated from the 
Vickers hardness measurement data by using typical Young`s modulus of 
polycrystalline alumina, 386 MPa and Eq. 2.30 in Chapter 2.  
 
Figure 3.22 Hardness measurement method 
3.4  Sintering of silica xerogel 
Powder of 98.8 % purity silica xerogel was prepared from sago wastes (solid 
sago residues after the starch has been extracted out) transported from Kendari, 
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Indonesia. The detailed processing procedures are described elsewhere [103]. The 
powder was formed by using uniaxial pressing at 500 MPa and polyvinyl alcohol (PVA) 
as the binding agent. The 10 mm x 7 mm cylindrical green samples with an average 
density of  0.5 g/cm
3
 were found.  
Sintering was performed from temperature 300 
o
C to 1500 
o
C for SMMW and 
conventional by using the same system of alumina sintering. The densities of the 
sintered samples were characterized based on the Archimedes` method, while the 
transitional phase from amorphous to crystalline during the heat treatment was 
determined with XRD. 
 
  Fig. 3.23 Smartlab X-ray diffractometer (Rigaku Smartlab) 
The XRD was performed using a Smartlab X-ray diffractometer with filtered 
Cu Kα radiation of the wavelength of 0.15418 nm (Fig. 3.23). The intensity of the 
diffracted X-ray was measured as a function of the diffraction angle 2 ranging from 10 
























Experimental Results and Discussion 
This chapter presents results of the experiment described in Chapter 3. The best possible 
implications from these observations were discussed.   
4.1  Green sample  
The samples after pre-sintering were referred as green samples. Because 
sintering depends on the green sample properties, the properties such as density and 
microstructures of samples were well characterized before sintering. The average 
relative density of the green samples was 55.5 % of theoretical density (TD) for 
unCIPed. For CIPed samples, the graph in Fig. 3.3 shows that the density was almost 
saturated after pressing at 150 MPa. That was because the CIP pressure is no longer 
sufficient to increase the density of sample after 150 MPa. The higher the sample 
density, the greater the force against the CIP pressures to change such a density. By 
using CIP`s pressure at 150 MPa, the green sample density averagely increased 2.8 %, 
from 55.5 % to 58.3 % . 
Microstructure characterization was performed by take SEM photographs of 
the fracture surfaces. Figure 4.1 shows the SEM photographs of the fracture surfaces of 
the unCIPed and CIPed green samples. The photographs show that there are differences 
in particle arrangement and pore distribution inside the bodies. The CIPed sample has 
more grain contacts. There also show that the CIPed sample has fewer and smaller pores 
than the unCIPed ones. The quantitative analysis of microstructure was performed by 
calculating the grain and pore sizes. The grain sizes were calculated from the SEM 
photographs by using ImageJ software and then by applied Gaussian fitting as shown in 










Figure 4.2: Grain size distribution and Gaussian fitting of green sample (a) unCIPed and (b) CIPed 
The summary of the green samples properties are presented in Table 4.1. The grain sizes 
are smaller than that of the powder`s grain size, 0.4 m. The smaller in size was due to 
the ball milling applied before the slip casted as described in Chapter 3. 
Table 4.1: Properties of the green samples 
No Sample Relative density (%) Grain size (m) 
1 unCIPed 55.5 0.351 






4.2 Results of investigation effect of microwave frequency  
To study the microwave frequency dependence of the `microwave effect` on the 
properties of the sintered alumina, sintering a high purity alumina at various microwave 
frequencies (2.45 GHz, 28 GHz (MMW), and 300 GHz (SMMW)) as well as 
conventional one was successfully performed. 
4.2.1 Verification of volumetric heating in SMMW sintering 
To investigate the microwave effect, enough penetration of microwaves 
throughout the samples or a volumetric heating must be achieved at each microwave 
frequency. Because loss tangent of alumina in SMMW range is much higher than that at 
other lower frequencies, a surface heating easier occurs than other lower frequencies. 
Thus, a careful volumetric heating examination at this microwave frequency was 
performed.  
Figure 4.3 shows a photograph of a successfully SMMW sintered alumina 
sample at a sintering temperature of 1500 
o
C. It shows that a significant shrinkage, 
without cracking, was achieved. To evaluate the effect of microwave, enough 
penetration of waves throughout the samples or a volumetric heating must be achieved.  
 
Figure 4.3: Photograph of an alumina green compact (a) and a SMMW-sintered sample at 1500 
o
C (b).  
 The theoretical estimation of penetration depth at 300 GHz, room temperature (by 
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using Eq. 2.22 and data tan and εr
,
 from Ho[44] was approximately 16 mm. In this 
study, a cylindrical sample with a diameter of 20 mm and a height of 5 mm was used. 
This size suggests enough penetration depth of SMMW to alumina sample. However, 
the loss tangent of alumina increases rapidly with increasing temperature. That will 
decrease the penetration depth. Thus, volumetric heating should be examined carefully. 
To ascertain that volumetric heating is achieved, the grain size distribution throughout 
the sintered sample was examined. Figure 4.4a shows the grain size distribution 
throughout the SMMW sintered alumina from the surface to the center. It shows a 
homogenous grain size throughout the alumina samples, which suggests that a 
volumetric heating, instead of a surface heating, has occurred during sintering. It also 
suggests that this size of alumina ceramic samples provides a sufficient penetration 
length for SMMW processing even at high temperatures. 
 
(a)                                   (b) 
Figure 4.4: Grain size vs. distance from the surface to the center of SMMW sintered alumina  
Figure 4.4 shows that grain sizes throughout the samples in SMMW are more 
homogenous than those in conventional ones. This evident appears to be more obvious 
at high temperatures. That is because at high temperature, temperature gradient within 
the part inside sample became bigger before thermal equilibrium at high temperature on 
conventional sintering. Hardness testing of sintered samples (Fig. 4.5) supports the 
occurrence of a volumetric heating in SMMW sintering. The ceramic hardness is closely 
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related to the grain size as well as the microstructure homogeneity [96].  
 
Figure 4.5: MicroVickers hardness vs. distance from the surface to the center of SMMW sintered alumina  
4.2.2 Effect of microwave frequency on densification 
Because a volumetric heating has been achieved in SMMW sintering (and at 
lower microwave frequencies, as well), the microwave effect on alumina can be further 
analyzed. First, frequency dependence on densification is presented. Figure 4.6 shows 
the relative density of the unCIPed samples with increased sintering temperatures in 
SMMW (300 GHz), MMW(28 GHz), a microwave (2.45 GHz), and conventional 
processing. Compared to the conventional and 2.45 GHz cases, samples sintered in 
SMMW showed a more rapid densification. The shift in densification varied from 2 % 
to 9 %. Furthermore, Fig. 4.6 also shows that densification was activated at low 
temperatures as low as 800 
o
C in SMMW sintering. This was in contrast to the 
conventional heating in which at up to 1100 
o
C, the rate of sintering was nearly zero, 
and there was only a very small increment in density (less than 3 %). The sample 
relative density at 1100 
o
C in conventional sintering and SMMW was approximately 




Figure 4.6: Densification of unCIPed alumina sintered at various frequencies. 
However, the densification in SMMW sintering was lower at all temperatures 
compared to the results in MMW which suggested a decreased microwave effect on the 
densification in SMMW sintering despite the occurrence of the volumetric heating. This 
was in contrast to the previous reports that the microwave effect on alumina 
densification increased with an increase of microwave frequency up to 83 GHz [3,7, 10]. 
This result indicated that the most effective frequency for alumina densification could 
have been below 300 GHz if the sample size had provided enough penetration depth of 
microwaves. If a surface heating occurs, we cannot discuss the microwave effect on 
densification because most parts of the compact are not heated by the microwaves.  
Generally, the microwave effect on the densification and grain growth found in 
this study, and as reported by several researchers as well, indicated that microwaves 
enhanced the diffusion rate (mass transport flux) during sintering. Thus, the decrement 
in densification observed in SMMW sintered alumina could also be attributed to that a 
lowered microwave effect could lead to a decrease in mass transport rate or to the 
alteration of transport mechanism during sintering. By simplifying the sintering process 
using two particle models [22, 24, 41] and comparing to Eq. 2.11, the relation between 
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t3/2     
 (4.1) 








Where D0 is diffusion constant, zi = charge on the ion, F =Faraday constant = 9.65 kJ/ V, 
Erms = root mean square of the electric field, A is the cross-sectional area over which 
diffusion occurs and Vm is the molar volume of the material being transferred, x is 
radius of neck, a is radius of particle, and t is time. 
Then, the decrement in densification of SMMW sintered alumina compared to 
that of MMW could be associated with a decrease in the driving force or in transport 
coefficient (apparent activation energy of diffusion). An experiment to estimate the 
driving force is not easy to perform because the force is dependent on not only the 
density and grain size but also the electric field in the materials. Thus, experiments to 
estimate the apparent activation energy was performed. 
4.2.3 Results of apparent activation energy (Q) estimation  
Apparent activation energies of MMW and conventionally sintered alumina 
were estimated by using isothermal sintering method as explained in Chapter 2 section 
2.2.4. Figure 4.7 is a densification curve of unCIPed alumina in MMW and 
conventionally with different holding time. It depicts that the sintering rates were 
determined at the same densities. For the unCIPed samples, sintering rate at 80 % and 
70 % of TD were determined and plotted against the reciprocal of absolute temperature 
in a standard Arrhenius plot. Since the densities lay in the intermediate stage of 
sintering where no significant grain growth occurred so that effect of grain size and 







Figure 4.7 Densification of unCIPed alumina with different holding time for MMW sintering (a) 
and conventional sintering (b).   
The sintering rate at 80 % of theoretical density against the reciprocal of the 
absolute temperature in a standard Arrhenius plot for the unCIPed samples is shown in 
Fig. 4.8. The apparent activation energies for sintering the unCIPed samples were 
calculated from this figure. The apparent activation energy in conventional sintering 
was 515±14 kJ/mol, whereas that in MMW sintering was only 152±10 kJ/mol. The 
apparent activation energy in conventional sintering in this study was in agreement with 
that for oxygen lattice diffusion in alumina [104]. 
 
 
Fig. 4.8 Arrhenius plot for un-CIP samples sintered by MMW and conventional method 
Estimation of apparent activation energy in SMMW sintering was performed 
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based on the Young and Coutler`s method as explained in Chapter 2 section 2.2.4. The 
method has also been used for estimating apparent activation energy by several 
researchers [101-102]. Figure 4.9 shows the shrinkage rates against the reciprocal of the 
absolute temperature in a standard Arrhenius plot. From this graph, the apparent 
activation energy of 197 ± 37 kJ/mol was found. The apparent activation energy value is 
higher than that in MMW sintering.  
 
Fig. 4.9 Arrhenius plot for unCIPed alumina samples sintered by SMMW 
 
If the microwave frequency versus the apparent activation energy of alumina 
plotted in one graph, such a graph is shown in Fig. 4.10. An increase in apparent 
activation energy of alumina in SMMW sintering may attribute to the lowered mass flux 





Fig. 4.10 Dependences of apparent activation energy of alumina with microwave frequency 
The result of apparent activation energy in SMMW was higher than that in 
MMW suggested that diffusion in SMMW sintering was slower which led to the lower 
densification. However, both SMMW and MMW`s apparent activation energy values 
were much lower than those from conventional sintering. The phenomena was also have 
reported by several researchers as explained in Chapter 2. There are several efforts have 
been done for explaining the enhancement. Yet, there are no satisfied theory for the 
phenomena. Some people believe that the electric field is preferentially heated the grain 
boundary resulting in the enhancement of the grain boundary diffusion during sintering. 
This enhancement was then observed as a decrease in apparent activation energies. 
Recent theory developed by Rybakov and Semenov proposed that microwave induced a 
new additional driving force known as ponderomotive force (PMF) which inducing 
diffusion of ionic crystalline materials [86,87]. However, characteristic magnitude of 
PMF is not large. The measure of the corresponding stresses is the radiation pressure of 
electromagnetic wave under which the condition of most microwave processing 
experiments does not exceed 0.1 Pa. However, this PMF is applied directly to the 
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mobile vacancies in contrast to mechanical stresses. Therefore, the efficiency of mass 
transport generation by PMF considerably increases up to 8-9 orders of magnitude 
higher than that by mechanical stresses [87]. Recently, some experimental results have 
showed agreement with the theory [83, 90].  
An increase in apparent activation energy at frequency 300 GHz suggested that 
the diffusion rate in SMMW sintering was lower than that in MMW processing. This 
result was consistent with the densification curves shown in Fig. 4.5 in which the 
densification in SMMW sintering was lower than that in MMW ones at all sintering 
temperatures. These activation energy values suggested that diffusion in SMMW 
sintering was slower which led to the lower densification. The increase in apparent 
activation energy of alumina in SMMW sintering might contribute to altering the 
transport mechanism such as from mainly grain boundary diffusion to volume diffusion 
mechanism. This led to decelerated flux resulting in a decrease in densification during 
SMMW sintering.  
In Eq. 2.11, another possibility effect of SMMW is altering pre-exponential 
factor, D0. The pre-exponential represents the number of atomic jump per time. It is 
dependent on the jump frequency () of the atoms as well as the inter-atomic distance 
() at the reaction interface, D0 = γνλ
2
. Of these, it might be reasonable assumed that 
geometric factor  and  will not affected by presence of microwaves, because it 
determined by crystal structure of material. Thus the jump frequency () is the only one 
possibility for being affected by microwaves. The jump frequency of the atoms in bulk 
crystal is about 10
13 
Hz. This value is very high compared to microwave frequencies. 
Therefore, the resonance effect would be unexpected lead to difficult to understand how 
microwave can affect the vibration. Nevertheless, at the grain boundaries, surfaces, and 
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other non crystalline area, it is possibly of some change of  by microwaves. However, 
there is insufficient clear evidence to draw conclusions in this work for the phenomena. 
4.2.4  Effect of microwave frequency on grain growth 
The densification, as well as the grain growth, is a result of atom diffusion in 
material. During sintering, a mixture of the diffusion mechanisms must occur, but they 
shift in dominance, depending on the sintering conditions. This suggests that the 
densification rate is not only affected to densification but also closely related to the 
microstructure of material [17, 22]. The investigation and comparison of grain growth 
can lead to a better understanding of effect of microwave frequency. The following 
section describes the microstructural examination results of sintered alumina samples. 
Figure 4.11 shows the grain size with an increase in the sintering temperature for 
unCIPed samples. At low temperatures up to 1000 
o
C, the grain growth was almost 
negligible in both SMMW and conventional methods. In MMW, however, the grain size 




C, the SMMW annealed alumina 
showed almost the same grain sizes as the conventionally annealed one; the difference 
in grain size was small. The grain growth on MMW samples showed steady state yet 
still largest compared to the other two methods. Over 1400 
o
C, all sintering methods 




Figure 4.11 Grain size of alumina with increasing sintering temperature: effect of frequency  
Because the grain size strongly depends on the density of sintered samples, the 
grain size comparison among different methods was obtained at the same density. 
Figure 4.12 shows the plot of the grain size with an increasing sample density. The 
variation of the particle sizes with density was not significantly different among the 
annealing methods up to a density of approximately 85 %. Over 85 %, however, all 
methods showed a rapid grain growth with the biggest grains were observed in the 




Figure 4.12: Grain size of sintered alumina with increasing density: effect of frequency 
The difference in grain sizes between electromagnetic wave heating (SMMW 
and MMW) with that the conventional was due to the difference in sintering time. Time 
consumption in conventional heating was much longer than that in SMMW and MMW. 
To achieve a sintering temperature of 1500 
o
C, for example, SMMW processing needed 
33.3 minutes, while the conventional method needed 750 minutes, almost 23 times as 
long as that in SMMW as shown in Table 4.2 
Table 4.2 Comparison of time consumption for SMMW and conventional methods 
 Sintering 
Temperature 






1000 500 22.2 
1500 750 33.3 
1700 850 37.8 
A similar phenomenon was reported by Coble for producing transparent 
alumina by using MgO in which an enhanced densification rate relative to the rate of 
normal grain growth was observed [15, 17]. He concluded that MgO did not inhibit 
grain growth but it increased the sintering rate such that discontinuous grain growth did 
not have time to form. As a result of fast heating in SMMW and MMW, it also appeared 
in this study that the grain growth did not have time to form. However, at high sintering 
temperatures up to 1400 
o
C, the grain sizes in both methods were found almost the same. 
It is because at early stage of sintering, pores inhibited the grain boundary movement. 
When a number of pores (and other inclusions) are decreased (or the sample already has 
a high density), grain growth will easily occur.  
Millimeter wave sintering and SMMW have the same sintering time because of 
the same heating rate and holding time (see Section 3.2). However, they showed a 
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different grain growth. The estimation for the grain size of sintered samples showed that 
the grain growth of SMMW sintered alumina was slower than that of MMW. This again 
supported the indication that the mass transport in SMMW sintering was slower than 
that in MMW sintering. That was consistent with an increase in apparent activation 
energy of alumina in SMM sintering. Mechanism responsible for the decrement in 
SMMW sintering may attribute to decreasing microwave effect which leads to a change 
of mass transport lead to change in densification rate during sintering. 
4.3 Effect of green sample on the properties of sintered alumina 
Microwave effect is dependent on many parameters such as microwave 
frequency, green sample`s properties, atmosphere, and microwave energy. To study 
green samples’ dependence on the `microwave effect`, two green samples, cold isostatic 
pressed (CIPed) and uncold isostatic pressing (unCIPed), were prepared. 
4.3.1 Effect of green sample on densification 
Figure 4.13 shows the density in SMMW sintered alumina from different green 
samples sintered at a temperature of 1500 
o
C with a holding time of 20 minutes. After 
sintering, a significant density enhancement was observed on CIPed samples compared 
to that on unCIPed samples. This indicated that SMMW heating could effectively 
increase the density of the CIPed samples. Then a series of CIPed samples were then 
sintered. A densification curve for unCIPed and CIPed samples, respectively, with 
increasing sintering temperatures is shown in Fig. 4.14. A more significant enhanced 
densification was exhibited at all sintering temperatures by CIPed samples compared to 





Figure 4.13: Densification of SMMW vs. conventional sintering of CIPed alumina 
 
Figure 4.14: Effect of cold isostatic pressing on densification of SMMW sintered alumina 
The enhancement of densification SMMW sintered sample was greater than 
that sintered in MMW, as shown in Fig. 4.14. That means, the effect of CIP on MMW 
sintered alumina was not as great as in SMMW sintering. Only was a small increase in 
densification found after sintering. In contrast, the unCIPed compacts sintered in SMM 
already achieved high density such that a small increase in CIPed sample could lead to a 
nearly theoretical density at 1500 
o
C (Fig. 4.15).  
92 
 
The effect of microwave frequency on densification of CIPed samples is shown 
in Fig. 4.16. It shows that the curves for CIPed samples sintered in MMW and SMMW 
are closer than those in unCIPed samples. That because of the big density enhancement 
in SMMW sintering. 
 
Figure 4.15: Effect of cold isostatic pressing on densification of MMW sintered alumina 
Compared to conventional sintering, the CIPed samples sintered in SMMW 
method began to shrink at a much lower temperature. Moreover the densification is 
much higher than those sintered in conventional. The shift in densification between 
SMMW and conventional firing was the same as in the unCIPed samples at 
approximately 300 
o
C. However, the increment in the density of the CIPed samples was 
higher especially in middle stage of the sintering curve. The maximum enhancement of 
the relative density on CIPed and unCIPed samples at 1300 
o
C was 16 % and 9 %, 
respectively. 
The mechanisms by which the CIP enhances the densification in SMMW sintering 
are not fully understood yet. However, a difference in the microstructure of green 
compact before sintering is surely the reason. The SEM photographs of the fracture 
surface of unCIPed and CIPed green samples then taken and have been shown in Figure 
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4.1. Those photographs showed that CIP treatment increased grain contacts and 
suppressed big pores. These two resulted in an increase in the number of grain 
boundaries per unit volume [108] which in turn led increase coupling of microwave 
radiation to samples. As the result, the rate of mass transport is also increased.  
 
Figure 4.16: Effect of frequency on densification of CIPed alumina 
As in unCIPed samples, the change in densification rate could be attributed to 
alteration in microwave effect which led to alteration in mass transport rate or the 
transport mechanism during sintering which could be associated with a decrease in 
driving force or in apparent activation energy. Thus, a series of experiments for 
estimating the apparent activation energy on CIPed samples was performed.   
4.3.2 Effect of green sample on apparent activation energy 
Figure 4.17a shows the logarithm of sintering rate (d/dt) plotted against the 
reciprocal of the absolute temperature (1/T) in MMW sintered alumina on unCIPed and 
CIPed samples. The sintering rates were calculated at approximately 80 % of theoretical 
density. The apparent activation energy was estimated based on this plot. In unCIPed 
samples, the apparent activation energy, QMMW-unCIP, was 152±10 kJ/mol, whereas in 
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CIPed samples, QMMW-CIP, was 132±17 kJ/mol. The same procedure was performed for 
conventionally sintered samples, as shown in Fig. 4.17b. In unCIPed samples, the 
apparent activation energy, QConv-unCIP was 515±14 kJ/mol, while in CIPed ones, the 
apparent activation energy, QConv-CIP, decreased to 495±25 kJ/mol.  
The comparison of the apparent activation energy in the two kinds of samples (UnCIPed 
and CIPed) revealed that CIP treatment decreased the apparent activation energy (ΔQ) 
of 20 kJ/mol in both sintering methods. However, this ΔQ value was approximately 






Fig. 4.17. Arrhenius plot for unCIPed and CIPed samples sintered by (a) MMW and (b) conventional  
Figure 4.18 shows an Arrhenius plot of SMMW sintered alumina for unCIPed and CIPed 
samples. The apparent activation energy decreased 35 kJ/mol, from 197±37 kJ/mol to 
162±24 kJ/mol. This decrement of apparent activation energy was the biggest among all 




Fig. 4.18. Arrhenius plot for unCIPed and CIPed samples sintered by conventional  
A decrease in the apparent activation energy of approximately 18 % and 16 % 
was observed in SMMW and MMW sintering, respectively, compared to that of only 
4 % observed in conventional method. The mechanisms by which the CIP enhances the 
densification decreased apparent activation energy on CIPed samples likely as a result 
of different green compact microstructures before sintering.  
 
Fig. 4.19. Possible mechanism for CIP increase densification of sintered alumina 
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The increase in number of grain boundaries per unit volume resulted in 
enhanced the coupling of microwave radiation to CIPed samples. This result suggests 
that microwaves prefer to heat grain boundaries than grains. The illustration of the 
mechanism is described in Fig. 4.19. 
4.3.3 Effect of green sample on grain growth 
The CIP treatment on samples prior to sintering has enhanced densification of 
SMMW sintered samples and has also led to a different microstructure. Thus, different 
microstructural evolution may be occurred during sintering. Figure 4.20 show the effect 
of the CIPed green samples on the grain growth of submillimeter wave sintered 
alumina. 
 
Figure 4.20: Grain size of CIP and unCIPed alumina with increasing temperature 
At low temperatures up to 1500 
o
C, the grain sizes of both samples were comparable. 
However, over 1500 
o
C, the CIPed samples showed finer grains than the unCIPed ones. 
This is interesting for application point of view where at high density, the compact has 
fine grains. 
To explain these CIP results, the diffusion paths model of sintering process is 
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considered. There are several mass transport paths during sintering as explained in Fig. 
2.6 in Chapter 2. The change in diffusion path from surface to grain boundaries was 
likely responsible for the enhancement observed in SMMW sintering. The simply 
illustration is shown in Fig. 4.21. A higher decrement in the apparent activation energy 
was observed in SMMW and MMW sintering, respectively, compared to that of 
observed in conventional method, increment in densification, and decrement in grain 
growth indicates that mass transport mechanism should be altered and rate should be 
affected, as well.  
 
Figure 4.21: The change in densification mechanism from volume to grain boundary diffusion due to 
increased number of grain contact and grain boundaries per unit volume of alumina. 
 
4.3.4 Physical understanding of microwave enhanced sintering 
4.4 Mechanical properties of sintered alumina 
4.4.1 Effect of microwave frequency 
Alumina is extensively used as an engineering ceramic due to its superior 
mechanical properties. However, its mechanical properties depend on its density as well 
as its grain size. Generally, for ceramics with grain size bigger than 10 nm, the finer its 
grain, the higher its strength (Hall-Petch relation). Previous sections in this chapter have 
described that samples sintered in SMMW have a higher density and finer grains than 
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those sintered in MMW and conventional methods. This section presents the 
experimental results of mechanical properties (hardness and fracture toughness) of 
sintered alumina samples.  
 
The micro hardness of unCIPed samples is shown in Fig. 4.22. Higher hardness 
on SMMW sintered samples than that on conventional ones was observed because, at 
the same density, the SMWW sintered samples had finer grain sizes.  
 
Figure 4.22 Micro Vickers hardness of SMMW and conventionally sintered alumina 
at different sintering temperatures 
However, at the same sintering temperature, samples of the two methods have 
different densities. Table 4.3 shows the hardness of the two sintering methods at 
approximately the same density. It was found that SMMW samples had a significantly 
higher hardness. This result is in good agreement with Hall-Petch’s relation on the grain 
size range. From the application’s point of view, this result is interesting because it 
indicates the possibility to produce an alumina compact which has not only a higher 
density but also a higher hardness through rapid sintering using SMMW. 
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Conventional  96.2 1.05 1284 
SMMW  96.0 0.76 1918 
The dependence of micro hardness on frequency is shown in Fig. 4.23. The 
samples sintered in SMMW showed a highest hardness than other methods. Such a 
higher hardness is believed to be caused by the fact that the SMWW sintered samples 
had finer grain sizes at the same density.  
  
Figure 4.23 MicroVickers hardness of SMMW, MMW, and conventionally sintered alumina 
at different sintering temperatures and densities 
Calculation on the fracture toughness for these samples is shown in Figure 4.24. 
It was shown that the samples sintered in conventional method had a higher toughness 
at a temperature of 1500 and 1700 
o
C.. However, the samples were sintered in SMMW 
showed a higher toughness at 1600 
o
C. The detail density and grain size corresponding 




Figure 4.24 Fracture toughness of SMMW and conventionally sintered alumina  
 
Table 4.4 Fracture toughness of un-CIP alumina at different sintering temperature  











Conventional  81.96 0.33 1.237 
SMMW  89.07 0.50 1.122 
T = 1600 
0
C 
Conventional  96.25 1.05 1.719 
SMMW  94.50 0.76 2.448 
T = 1700 
0
C 
Conventional  97.19 2.10 0.724 
SMMW  95.94 1.07 0.619 
4.4.2 Effect of green sample 
The micro hardness results for CIP samples are shown in Figure 4.25. Similar 
to the unCIPed case, the SMMW processed alumina showed a higher hardness than the 




Figure 4.25 Micro Vickers hardness of SMMW and conventionally sintered alumina at 
different sintering temperatures 
The grain size has likely played a key role on the alumina hardness.  On 
CIPed samples, the grain sizes of the samples processed in SMMW is finer and, thus, 
had a higher strength, than those processed in conventional method. Table 4.5 shows the 
hardness from the two sintering methods at the same density. The bigger differences in 
grain sizes led to that SMMW had a much higher strength. 








Conventional  97.2 2.16 1268 





Figure 4.26 Fracture toughness of SMMW and conventionally sintered alumina  
Figure 4.26 shows the fracture toughness for CIPed samples. Those sintered in 
conventional method exhibited a higher toughness at temperature 1500 
o
C. However, at 
1600 and 1700 
o
C, samples sintered in SMMW showed a higher toughness. The effect 
of green samples on the mechanical properties of SMMW processed alumina is showed 
in Fig. 4.27. The CIPed alumina samples had a higher strength at all temperatures. Such 
a higher strength was due to the CIPed samples’ higher density and finer grains. 
However, density and grain size alone seem to be unable to explain such a fracture 
toughening behavior.  
 
 
Figure 4.27 Vickers Hardness and Fracture toughness of SMMW and conventionally 
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sintered alumina: effect of green samples  
The hardness of the sintered samples ranged from approximately 1000 to 2300 
kgf/mm
2
. Samples, both CIPed and unCIPed ones, heated in SMMW showed a higher 
hardness than those sintered in conventional heating. This was not surprising because 
SMWW sintered samples had a finer grain sizes at the same densities. From the 
application’s point of view, this result is very promising because it suggests the 
possibility to produce a high strength alumina via SMMW as a result of the observed 
higher density and finer grains. The study also revealed that SMMW had higher 
toughness. However, mechanisms responsible for an increase in alumina toughness in 
this study are not clear. However, it is widely accepted that the high thermal expansion 
anisotropy exhibited by alumina causes stresses across the grain boundaries with 
increasing grain size and promotes grain boundary micro cracking. The internal stresses 
resulting from thermal mismatch are believed to play a controlling role in determining 
the frictional forces at the grain-grain boundary interface and these in turn have a large 
role in determining the toughness behavior of the material [96, 109]. The microwave 
radiation may be enhanced energy distributions. The increased energy distribution on 
microwave should produce more thermal mismatch at the grains-grain boundary 
interface which in turn leads to increased toughness of alumina.  
4.5 SMMW sintering of silica xerogel 
For further study of microwave effect of SMMW in sintering, sintering of silica 
xerogel was also performed. Producing silica conventionally is usually at low heating 
rates and time consuming. They should promote grain growth. By using microwaves, a 
fast heating can be performed. Figure 4.28 shows densification of a silica xerogel 




Figure 4.28: Densification of SMMW vs. conventional sintering of silica xerogel 
Up to 450 
o
C, both methods produced almost the same density, with no 
significant increase in density observed on the green samples. The small increase in the 
bulk density is attributed to the reduction of both the open and the closed pores. Over 
450 
o
C, however, microwave sintered compact exhibited a much more rapid 
densification; 2.1 g/cm
3
 was achieved at 850
 o
C and become saturated up to 1500
 o
C. In 
contrast, conventionally sintered compact showed a small increment until 800
 o
C at 
which a density of 0.4 g/cm
3 
was achieved. The density of the conventionally sintered 
sample continued to increase up to 1100
 o







Figure 4.29: Open and closed pore of silica xerogel as function of maximum sintering temperature 
for SMMW sintering 
Figure 4.29 shows the evolution of open and closed pores with increasing 
temperature. At temperatures ranging from 450°C to 850°C, the increase in bulk density 
is proportional to the decrease in the percentage of the open pores. This behavior 
suggests that condensation reactions have occurred on the surface of the silanols groups 
(Si-O-H) left in the porosity of the silica xerogel. This seems to be responsible for a 
decrease in open porosity, one of main factors that cause bulk density to increase [19, 
50]. In these reactions, the silica xerogel structure tends to shrink due to the loss of the 
hydroxide (OH) groups and eventually forms Si-O-Si bridges to rearrange the Si and O 
atoms. This evidence has been confirmed by FTIR characterization of the sintered silica 
xerogel samples [50]. 
The effect of SMMW energy on crystallization was also found. Figure 4.30 
shows XRD patterns of the silica xerogel ceramic sintered at 800 
o
C by the conventional 




Figure 4.30: XRD pattern of silica xerogel ceramic sintered at 800oC by (a) conventional, and 
(b) SMMW 
The XRD pattern corresponding to the conventional sintering of silica xerogel 
indicates an amorphous material. In contrast, the pattern for the SMMW sintered silica 
xerogel shows the presence of a characteristic peak of cristobalite (C), indicating the 
beginning of the crystallization phase at about 800 
o
C. In literatures, it was reported that 
(for a conventional treatment) the silica xerogel crystallizes at temperatures 
between1250 
o
C to 1350 
o
C and the process requires a long heating time (more than 800 
min) in order to reach a crystalline cristobalite. In the case of SMMW processing, the 
temperature for the crystallization phase of silica xerogel was about 200 
o
C, lower than 
that observed in the conventional heating.  
From Figure 4.31, crystalline cristobalite is formed from the amorphous silica. 
It has a lower density than the density of glass silica formed at temperatures greater than 
900
o





C. The increase in the density can be explained by an increase of the degree of 
crystallinity of cristobalite and tridymite. This crystallization affects significantly the 
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grain growth. The sintering process provides energy, which is necessary for bonding the 
particles together and removing the porosity simultaneously with the shrinking of the 
sizes of the particles.    
 














Summary and General Conclusions 
A study on microwave effect on alumina properties was performed. Generally, 
the microwave effect depends on many parameters such as microwave frequency, green 
sample`s properties, atmosphere, and microwave energy. In this study, microwave 
frequency and green sample’s dependence of `microwave effect` to the properties of 
sintered alumina was carried out. The extension of microwave frequency (up to 
submillimeter wave) which is much higher than frequencies previously reported by 
other researcher on alumina sintering was applied. There may be stronger microwave 
effects or a new mechanism at the high microwave frequencies can be observed. To 
study the green sample’s dependence of `microwave effect`, two green samples, cold 
isostatic pressed (CIPed) and uncold isostatic pressed (unCIPed), were prepared. 
5.1 Frequency dependence 
To study microwave frequency dependence of `microwave effect` on the 
properties of sintered alumina, sintering of a high purity alumina by using various 
microwave frequencies (2.45 GHz, 28 GHz (MMW), and 300 GHz (SMMW)) as well 
as conventional method was successfully performed. To investigate the microwave 
effect, enough wave penetration throughout samples or volumetric heating must be 
achieved for each microwave frequency. Because loss tangent of alumina in 
submillimeter wave (SMMW) ranges is much higher than that at other lower 
frequencies, a surface heating easily occurs. A careful volumetric heating examination 





Examination of the grain size distribution throughout SMMW sintered samples 
from the surface to the center showed a homogenous grain size throughout the alumina 
samples. This suggested that a volumetric heating has occurred during sintering. It was 
also confirmed by the homogenous hardness distribution throughout SMMW sintered 
samples. Thus, the effects of SMMW on the properties of sintered alumina can be 
furthermore investigated.  
Two main alumina properties for closely related applications were density and 
hardness. Firstly, the effects of microwave frequencies on densification were evaluated. 
Experiment results revealed that the densification of SMMW heating was higher than 
that of microwave 2.45 GHz and of conventional sintering, as well. However, the 
densification of SMMW sintering was lower than that of the MMW sintering at all 
sintering temperatures although an enough penetration depth to samples has been 
achieved. This was contrary to the previous reports on microwave sintering of alumina 
where a higher microwave frequency was followed by a higher densification. This result 
suggested that the most effective microwave frequency for the densification of alumina 
appeared to be below 300 GHz. Secondly, the mechanical properties of SMMW sintered 
alumina were tested by using micro Vickers` hardness testing. The results exemplified 
that the SMMW processing alumina ceramics showed the highest hardness. The results 
revealed that it seemed possible to produce an alumina compact with high hardness by 
SMMW sintering. However, a further analysis to understand the mechanism by which 
SMMW on densification and hardness must be carried out. 
The decrease in densification observed in SMMW sintered alumina could be 
attributed to a lowered microwave effect that led to a decrease in mass transport rate or 
an altered transport mechanism during sintering. This could be associated to the 
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decrease in either driving force or apparent activation energy of diffusion (Eq. 4.1). An 
experiment to estimate driving force is not easy to perform because the force is 
dependent on not only the density and grain size but also the electric field in the 
materials. Thus, a series of experiments to estimate apparent activation energy was 
performed. The estimation was carried out at the same density and in the middle stage 
of sintering in order to minimize the effects of driving force variations.  
The experiment results revealed that the apparent activation energy in SMMW 
was higher than that in MMW. These activation energy values suggested that diffusion 
in SMMW sintering was slower which led to the lower densification. However, both 
SMMW and MMW`s apparent activation energy values were much lower than those 
from conventional sintering. It is believed that the electric field is preferentially heated 
the grain boundary resulting in the enhancement of the grain boundary diffusion during 
sintering. This enhancement was then observed as a decrease in apparent activation 
energies.  
Another phenomenon in sintering is grain growth. Grain growth is also 
diffusion-controlled process in solid state sintering of alumina. Thus, microwave effect 
can be also attributed to altering in mass transport rate parameters or altering the 
transport mechanism during sintering as in densification phenomena. Then, an 
experiment for examining the grain growth was carried out. 
The estimation for the grain size of sintered samples showed that the grain 
growth of SMMW sintered alumina was slower than that of MMW. This again 
supported the indication that the mass transport in SMMW sintering was slower than 
that in MMW sintering which was consistent with an increase in apparent activation 
energy of alumina in SMM sintering.  
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Another implication of the smaller grain sizes of SMMW sintered samples is 
correspondent to their mechanical properties. The higher hardness of SMMW samples 
found in this study was probably due to the smaller grains of the samples (Hall-Petch 
relationship). Furthermore, it was also found that SMMW sintered alumina had a higher 
fracture toughness at most sintering temperatures. However, mechanisms for the 
hardened alumina in this study are not clear. The SMMW radiation enhances more 
energy distributions and produces more thermal mismatch at the grains-grain boundary 
interfaces might be responsible for the enhanced toughness of alumina.  
5.2 Green sample effect 
The evaluation on the effects of green compact on densification demonstrated 
that cold isostatic pressing (CIP) treatment significantly increased densification in 
SMMW. The effect was higher than that both in other microwave frequencies and in 
conventional, as well. This suggested that the CIP was effective to enhance 
densification in SMMW sintering. The examination on the effects of green samples in 
SMMW sintering demonstrated that the CIP treatment on alumina before sintering 
effectively not only accelerated sintering but also suppressed the grain growth.  
Comparison of the apparent activation energy on the two kinds of samples 
revealed that CIP treatment decreased the apparent activation energy of SMMW and 
MMW sintering approximately 18 % and 16 %, respectively, in contrast to the value 
from conventional method which was only 4%. The mechanisms by which the CIP 
enhances the densification decreased apparent activation energy on CIPed samples 
likely as a result of different green compact microstructures before sintering. Therefore, 
the microstructures of green samples were then examined. The SEM photographs of the 
fracture surface of unCIPed and CIPed green samples showed that CIP treatment has 
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increased grain contacts and suppressed big pores. This seemed to increase the number 
of grain boundaries per unit volume which led to the coupling of microwave radiation to 
CIPed samples. The increase of the number of grain boundaries of alumina in SMMW 
sintering appeared to alter the transport mechanism from mainly volume diffusion to 
grain boundary diffusion mechanism. It accelerated the flux and caused a big 
densification enhancement during SMMW sintering. Moreover, the effect of CIP on 
densification in SMMW sintering was bigger than that in MMW. It is probably because 
of stronger SMMW interaction with grain boundaries than that of MMW. The increase 
of the number of grain boundaries of CIPed samples had bigger effect in SMMW. This 
suggests that microwaves preferred heating grain boundary areas to heating within the 
grains. 
Effect of CIP treatment increased mechanical properties of SMMW sintered 
alumina was also found in this work. That is indicated because of the higher densities 
and smaller grains of the CIPed samples. Comparison of the apparent activation energy 
on the two kinds of samples revealed that CIP treatment decreased the apparent 
activation energy of SMMW and MMW sintering approximately 18 % and 16 %, 
respectively, in contrast to the value from conventional method which was only 4%.  
5.3  SMMW sintering of silica xerogel  
For further study on microwave effect of SMMW in sintering, a silica xerogel 
sintering was also performed. Producing silica conventionally usually at low heating 
rates not only is time consuming but also promotes grain growth. Contrarily, by using 
SMMW heating, a fast sintering can be achieved. Its enhancement on densification 
compared to conventional processing was also found. Moreover, XRD characterization 
of sintered samples revealed that silica xerogel crystallization under SMMW heating 
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was faster than that under conventional processing. 
However, the mechanism responsible for such an enhancement in this material 
is not fully understood. Densification mechanism of silica xerogel is mainly different 
from that of alumina. It is not fully diffusion controlled. There are four primary 
mechanisms responsible for densification as explained in Section 2.1.2. Therefore, the 
microwave effect on each mechanism which brings about densification must be 
carefully examined. Further investigations should be performed. 
Generally, the experimental results obtained from this study indicated that the 
microwave effect on alumina was strongly dependent on microwave frequency and 
green samples. Since microwave frequency effect on alumina densification seemed to 
decrease at SMMW, the most effective microwave frequency for the densification of 
alumina should exist below 300 GHz. The decreased densification attributed to 
decelerated diffusion. This was confirmed by a slower grain growth and an increased of 
the apparent activation energy in SMMW sintering. Mechanism responsible for the 
decrement in SMMW sintering may attribute to decreasing microwave effect or altering 
the transport mechanism which leads to a change flux and change densification rate 
during sintering. The effect of CIP on SMMW and MMW sintered alumina was higher 
than that in conventionally sintered samples. This suggests that microwaves preferred 
heating grain boundary areas to heating within the grains. The effect of CIP on SMMW 
sintered alumina was higher than that in MMW. It is probably because of stronger 
SMMW interaction with grain boundaries than that in MMW processing. Thus, The 
increase of the number of grain boundaries on CIPed samples give an higher effect in 
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Appendix A  
Driving force for diffusion 
The main driving force for diffusion during sintering is the change in free energy 
from the reduction of surface area and lowering of the surface free energy by the 
replacement of solid-vapor interfaces. There also have been understood that the 
diffusion could result from various external forces that involve in the system. Some of 
the forces are listed in Table A1. 
 
Table A1: Driving forces for diffusion 
No. Driving Force Expression 






  ; = Surface energy (J/cm2), A=Surface 
area(cm
2


















4. Electric Field FE = zFE    ; z= Effective electric charge (C/mol), F= 




















Appendix B  
Determine grain size and shape parameters  
SEM photos of fracture surfaces were taken every 500 m from the surface to 
the center of the samples horizontally. Gray scale SEM photos were processed by using 
various image processing programs prior to the grain size calculation. The grain sizes 
and their distribution were calculated by using ImageJ (National Institutes of Health, 
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